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Preface 
This thesis deals with the dermal exposure to polycyclic aromatic hydrocarbons 
(PAH) among occupational^ exposed workers. 
It describes the results of a 3 year research project that is funded by the European 
Community on Coal and Steel (project number: 7280/01/002), and that is carried 
out at the Department of Toxicology of the University of Nijmegen, The 
Netherlands. 
In occupational health, skin contamination and percutaneous absorption of PAH 
has received little or no interest in the past, despite reports from dermatological 
studies that PAH can readily enter the body through skin. 
Reasons for the lack of attention to this problem may include the fact that skin 
contamination is difficult to measure, that percutaneous absorption processes are 
very complex, and that the toxic significance of dermal uptake is hard to evaluate. 
The results of a number of studies which were carried out within the framework 
of the project, are presented in this book. Some of these studies were conducted 
under experimental conditions in our laboratory, but most of them took place in 
production plants where workers are exposed to high concentrations of PAH. 
The outcome of this research project is that most of the pyrene burden of 
workers, who are occupational^ exposed to PAH, enters the body through skin 
and not through inhalation. This conclusion seems also valid for benzo(a)pyrene 
and other PAH with 5 or less benzenoid rings. Hopefully, this book will inspire 
increased efforts in occupational hygiene to prevent percutaneous absorption of 
PAH. 

Chapter 1 
General introduction 
1.1 Exposure to polycyclic aromatic hydrocarbons (PAH) 
Polycyclic aromatic hydrocarbons (PAH) are a group of structurally related 
compounds that consist of two or more fused benzenoid rings and that contain no 
other elements than hydrogen and carbon. Molecular structures of some PAH are 
given in figure 1. PAH are natural constituents of crude oil and many other 
petrochemical products, but can also be formed during incomplete combustion of 
fossil fuels or other organic matter. This thesis deals with occupational PAH 
exposure. The most important sources of occupational PAH exposure are coal tars 
and derived products. Crude coaltar, which is a by-product of coke and, in former 
time gas works, is usually distilled and blends of distillation fractions (e.g. 
creosote) are used for various purposes. 
The International Agency for Research on Cancer stated that there is sufficient 
evidence that 11 PAH are carcinogenic to experimental animals15. Various 
epidemiological studies revealed excess of lung cancer1·7·10·11·14'24·28-28'30·39·42·45, skin 
cancer13·2*'37-38, cancer of the gastro-intestinal tract1 1 , 1 3 , 3 β ·4 5, and leukaemia1,13,45 
among workers exposed to PAH containing coal tar or coal tar pitch volatiles. The 
increased incidence of bladder cancer among coke oven workers is probably 
caused by 2-naphthylamine and not by PAH54. Other toxic effects of PAH-
containing coal tars and creosote on humans are reviewed by IARC ie. These 
effects mainly concern the skin and eyes, such as dermatitis, chronic tar 
dermatosis, tar or pitch warts, cutaneous phototoxicity and chronic melanosis, 
folliculitis and pitch acne. Reports on the effects on other targets are limited: 
abnormal serum protein levels33, decline of muscular strength23, increased number 
of macrophages39, and bronchitis7. Dumber described headache, giddiness, 
nausae, vomiting and copious salivation in nearly all of the 120 workers who had 
sprayed warm creosote8. 
PAH are widely distributed in the environment and present in food, air, soil and 
water. Everyone is exposed to PAH. The main sources of PAH among subjects 
which are not occupationally exposed are food and the smoking of tobacco (see 
chapter 2.1). Occupational exposure to PAH, however, is of another magnitude. 
Lindstedt and Stollenberg (1982) ranked workplaces in terms of PAH exposure, 
based on the benzo(a)pyrene (BaP) concentration in air28. Very high exposure (> 
10 ¿/g BaP/m3) was measured in gas and coke works (topside), aluminium plants 
(e.g. pin setters, potmen, cranemen etc.), during the manufacturing of carbon 
electrodes (e.g. pitch bin workers), the handling of molten tar or pitch (roofing, 
paving etc), chimney sweeping. Fairly high BaP exposure (1-10 //g/m3) takes place 
in non-topside workers in gas and coke works, in blast furnaces, steel works 
(some jobs), during the manufacturing of carbon electrodes (in general) and in 
aluminium works (in general). In steel works (in general), foundries (some jobs), 
during welding of rails on track, and the manufacturing of Söderberg electrode 
paste, BaP exposure is moderate (0.1-1 //g/m3). Low BaP exposure (0.01 - 0.1 
ug/m3) is measured in automobile repair shops, during asphalt manufacturing from 
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petroleum, in foundries (in general), and in aluminium electrolysis halls with 
prebaked electrodes. 
Further details on PAH exposition in the work place are given by Bjòrseth and 
Becher3. Another group of highly exposed persons are patients, suffering from skin 
diseases such as psoriasis, who are treated with PAH containing coal tar ointment 
or shampoo. 
Figure 1. Structures of carcinogenic and noncarcinogenic unsubstituted 
polycyclic aromatic hydrocarbons (PAH). ' These compounds show 
tumor-initiating activity. From Dipp/e et al. 1984. 
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In a broad sense, the following processes are involved in occupational PAH 
exposure: emission, contamination and the toxicokinetic processes of absorption, 
distribution, metabolism and excretion. Theoretically, intervention in each of these 
processes may reduce the risk on adverse effects of PAH in workers. However, 
due to the complexity and limited knowledge of toxico-kinetics and dynamics of 
PAH in the body, it is common practice that the reduction of PAH exposure of 
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workers is focussed on the PAH emission and contamination processes 
Contamination may occur in the respiratory tract, the gastro-intestmal tract, and 
on skin Contamination of the gastrointestinal tract may take place directly 
through the ingestion of PAH containing food products or indirectly through the 
ingestion of inhaled particles (so-called secundary ingestion) The PAH 
contamination on skin of workers is unknown. Although PAH are known to be 
absorbed through skin, it is generally thought that the inhaled PAH containing 
particulates are the mam threat to the workers health. For this reason, threshold 
limit values for PAH exposure in the work environment are generally based on the 
concentration in air of either coal tar pitch volatiles (CPTV) or BaP The CTPV is 
defined as the benzene (ACGIH-method) or cyclohexane (NIOSH-method) soluble 
extract of filtered airborne particulates 
Whether the control of PAH concentrations in air is the most efficient and 
effective strategy to minimize PAH exposure is questionable Is the respiratory 
tract indeed the main port of body entry, or is the internal PAH dose of a worker 
more determined by the uptake of PAH through skin? 
1.2 Percutaneous absorption 
The skin covers about 1.8 m2 of the body surface and consists of three main 
layers, the epidermis, the dermis and subcutaneous fat. The outer layer of the 
epidermis, the so-called horny layer or stratum corneum, consists of 10 25 layers 
of flattened, keratinized, dead cells The thickness of the stratum corneum varies 
considerably The thinnest layer (eyelids or scrotum) is less than 0 01 mm, while 
the thickest is 1 mm (palmes and soles) Beneath the stratum corneum the viable 
epidermis (75 150//m) and the dermis (3-5 mm) are situated. The viable epidermis 
consists of various layers, characterized by different stages of differentiation. The 
dermis consists of connective tissue and contains blood vessels, lymph vessels 
and nerves 
Dermal absorption involves a number of processes which occur in sequence. The 
following description of percutaneous absorption is provided to complement figure 
2 and is adapted from a recently published monograph of the European Centre for 
Ecotoxicology and Toxicology of Chemicals (ECETOC) on percutaneous 
absorption9 For a chemical to be absorbed through the skin, the chemical or 
penetrant, must first diffuse to the stratum corneum (SC) Chemicals which are 
not in solution on the surface of the SC must first undergo a process of 
dissolution before partition takes place with the outer SC. Once in the SC the 
penetrant will diffuse from the high concentration in the outer SC down to the 
lower layers of the SC where the concentration is less. Some of the penetrant 
entering the SC might bind to SC components and not be available to diffuse 
further. At the base of the SC the penetrant must undergo another partition step 
from the SC into the viable epidermis During the diffusion through this layer, the 
penetrant might also bind or might be metabolised At the base of the epidermis 
the diffusing penetrant and/or metabolites which are not bound in the epidermis, 
will partition between the epidermis and the dermis before entering the systemic 
circulation The penetrant may also by-pass the SC by using potential rapid routes 
through hair follicles and sweat ducts 
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Figure 2. The process of percutaneous absorption. From ECETOC (1993). 
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A series of factors which are related to the chemical itself, to the vehicle 
containing the chemical, to the exposure conditions, and to the characterisics of 
the skin determine the extent of percutaneous absorption. Physico-chemical 
properties such as molecular weight, water and lipid solubility, polarity and state 
of ionisation determine the absorption, i.e. diffusion, of a chemical through the 
SC. In general, small molecules which are both lipid- and water soluble are the 
most readily absorbed through the essentially lipophilic environment of the SC and 
the hydrophilic environment of the epidermis. A chemical with a log octanol/water 
partition coefficient, log PQW, of less than 1 is usually poorly absorbed. Absorption 
increases up to a log P ^ of 3.5; maximum absorption is often associated with 
values of log P ^ between 1 and 2 9. 
The vehicle/SC partition coefficient is another important factor in percutaneous 
absorption of chemicals. Greater solubility in the SC and lower solubility in the 
vehicle promotes penetration. Desorption and volatilisation of chemicals 
associated with particles to the ambient air or to aqueous media (e.g. water 
sweat) can be critically important in determining the compound's bioavailability. 
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The dose on skin, which is not οηΐγ determined by the amount but also by the 
duration and frequency of exposure, has a strong effect on the concentration 
gradient over the barrier layer, i.e. SC. This gradient is the main driving force in 
the passive diffusion proces of dermal absorption. Variations in the structure of 
skin may affect the dermal absorption process of chemicals. The thickness of the 
SC, the number of skin appendages, the composition of skin lipids, age of the 
skin, and especially the condition of the skin are reported in literature as possible 
factors. The condition of the barrier function of the skin may be affected by 
physical factors (e.g. weather conditions, sun light, occlusion), chemical factors 
(e g. solvents, detergents, acids, bases), and pathological factors (e.g. mechanical 
damage, skin diseases) through which the permeability of the skin may increase. 
Several methods for measuring percutaneous absorption are developed and are 
recently reviewed by ECETOC9 Percutaneous absorption studies can be devided in 
in vivo and in vitro studies Most of the in vivo studies are conducted with 
experimental animals, because test animals are readily available, radiochemicals 
can be used without restriction and animals are physiologically and metabolically 
intact. Human volunteer studies are limited due to technical and ethical reasons. 
To seperate percutaneous absorption from subsequent distribution, 
biotransformation and excretion processes, diffusion cells using human or animal 
skin and artificial membranes17 have been developed. Two chambered devices, 
sandwiching the skin or an artificial membrane between donor and receptor cell, or 
one-chambered cells with the receptor fluid directly beneath the membrane are at 
present in use. All devices must be temperature controlled and can be run as 
static, stirred or as flow-through cells. Recently, cultured skin preparations based 
on differentiated cultured human keratmocytes and fibroblasts have become 
commercially available and can be used in diffusion cells, if thoroughly validated. 
Other models for percutaneous absorption studies are the tape stripping method40, 
porcine skin flap models32, human skin grafts in athymic mouse or nude rat25, the 
blood-perfused pig (or rabbit) ear model (see chapter 3 2), and quantitative 
structure activity relationships27. 
Further details on mechanism of percutaneous absorption of chemicals, and 
methodology, including extensive listings of references, may be found in 
publications of Schaefer et al.44, Barry2, Bronaugh and Maibach4, and ECETOC9. 
Grandjean reviewed different classes of chemicals with emphasis on those 
compounds that are considered major skin hazards at work12. 
1.3 Percutaneous absorption of PAH 
That PAH are able to penetrate healthy human skin was clearly shown by Storer 
et a l , who applied 2% coal tar (petrolatum preparation) to the skin of five 
volunteers for eight-hour periods on two consecutive days46. Phenanthrene, 
anthracene, pyrene, and fluoranthene were found in blood extracts of the 
volunteers (concentration: < 11 ng/ml blood). Wheeler et al. reported an increase 
of urine mutagenicity in psonatric patients after application of crude coal tar on 
the skin49 Many research groups focussed on the development of in vitro methods 
to study dermal PAH absorption. This development included extensive comparison 
of in vitro and/or in vivo percutaneous absorption in various species. However,only 
a limited number of factors that may affect the percutaneous absorption process 
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of chemicals have been studied for PAH- percutaneous metabolism, dosing 
conditions, species differences, and physio-chemical characteristics. Most studies 
used benzo(a)pyrene (BaP) as a marker compound. 
In vitro versus in vivo 
Yang et al. showed that both the thickness of the skin and the composition of the 
receptor fluid may have a strong effect on the results of in vitro studies of 
percutaneous absorption of BaP and anthracene51,52. They suggest to use a 350 
¿/m-thick skin section and a 6% surfactant receptor solution for studying 
percutaneous absorption of PAH. Under these experimental conditions the in vitro 
results mostly resemble the results of the in vivo percutaneous absorption 
experiments Ng et al developed an in vitro method, which involves the use of 
flow-through diffusion cells and Hepes-buffered Hanks' balanced salt solution 
containing 4% bovin serum albumin as perfusate, using skin of hairless guinea pig. 
This method was demonstrated to be a suitable system for predicting in vivo 
absorption of BaP, pyrene and phenantrene3435. It appears that technical 
limitations and pitfalls of the in vitro techniques can be minimised so that they can 
predict in vivo data. 
Species differences 
Kao et al studied in vitro skin penetration and metabolism of BaP in six 
mammalian species including man For BaP, the order of extent of penetration was 
mouse > marmoset and human > rat and rabbit > > guinea pig. The varying 
thickness of the cultured skin could not explain the differences in the extent of 
penetration21 
Storm et al studied the in vitro percutaneous absorption of BaP in skin of mice, 
hairless guinea pig, rat and humans BaP did not partition readily into receptor fluid 
(< 5% of the administered dose) so that most of the permeated compound was 
still present in the skin at 24 h In human skin the amount of BaP present in skin 
or absorbed in the receptor fluid after 24 h, was 3 1 % of the applied dose (12 
nmol/cm2). In mouse, guinea pig and rat skin 50-60% of the administered dose 
was present in the skin or absorbed in the receptor fluid after 24 h47 
Kao et al. reported a higher permeation of BaP in haired mice skin (7-10% of 
applied dose after 16 h, dose 10 nmol/cm2) than in skin of hairless mice (2%)2Z. 
These results suggest that for BaP, the trans appendageal route may play an 
important role m percutaneous absorption, and that the regional distribution of 
skin appendages may affect the extent of dermal absorption of PAH 
In conclusion, data on interspecies differences in dermal PAH absorption are very 
limited, and interpretation is difficult due to the limited validation of the applied in 
vitro techniques Based on percutaneous absorption studies with other chemicals, 
it appears that animal studies mostly overestimate human percutaneous 
absorption9. 
Metabolism 
Kao et al. reported an increase of BaP penetration in metabohcally viable and 
structurally intact skin in organ culture from 2,3,7,8-tetrachlorodibenzo-p-dioxm 
(TCDD)-induced mice. They concluded that metabolism may play an important role 
in percutaneous PAH absorption20 Skin penetration of BaP in six mammalian 
species was lower in previously frozen nonviable skin preparations indicating that 
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skin absorption studies should account for both diffusion and cutaneous 
biotransformation of the applied compound (Kao et al.21 
Melikian et al. stated that the dermal absorption of BaP and its metabolites is 
monophasic following first order kinetics with a half-life of approximately 2 h in 
mouse epidermis in vivo. They reported that only 5 - 10 % of BaP is metabolized 
during the passage of the epidermis31. 
In in vitro experiments with human skin no metabolites of BaP could be detected 
in the skin or receptor fluid by Storm et al.47 In mouse and guinea pig skin only 6 
and 3 % was metabolized. They state that the limited cutaneous metabolism of 
BaP in human skin is probably caused by the relatively low activity of aryl 
hydrocarbon hydroxylase activity. 
Ng et al., who studied the absorption and metabolism of pyrene, BaP and 
phenantrene in vitro in the hairless guinea pig, found that after 24 h, 14.3% of the 
administered pyrene dose (34 nmol/cm2) was metabolized. For BaP this percentage 
was 30%, and for phenantrene 7% (dose was respectively of 32 and 37 
nmol/cm2.34·35 
Reported results of cutaneous metabolism studies indicate that PAH can be 
metabolized during skin passage. However, the percentage of the dose that is 
metabolized is rather low and appears to depend on the dose, the PAH under 
study, and the state of induction of involved enzymes. 
Dosing conditions 
Sanders et al studied the in vivo percutaneous absorption of 14C-labeled BaP at 
varying doses (4.9, 49, 490 nmol/cm2) in mice. The proportion of BaP absorbed 
was less with increasing dose due to apparent saturation of the uptake proces. 
80-90% of the total excreted radioactivity at any time after administration of BaP 
was found in the feces. The uptake of from the dorsal skin of the nose was similar 
to the uptake from the dorsal nuchal skin43. 
In the rat, both in vivo and in vitro, Yang et al. compared the percutaneous 
absorption of BaP from petroleum crude-fortified soil with the absorption of BaP 
from crude oil alone. They concluded that percutaneus absorption of BaP, and 
therefore other PAH, from petroleum crude-contaminated soil will be significantly 
less (9% afer 96 h, dose 0.036 nmol/cm2) than the percutaneous absorption of 
these compounds from crude alone ( ± 3 6 % after 96 h)53. Their results indicate 
that only the 'monolayer' of soil in intimate contact with skin is important and that 
migration of BaP from layers above the 'monolayer' is negligible. These results are 
confirmed by Wester et al who studied the percutaneous absorption of BaP from 
soil in human (in vitro) and in monkeys (in vivo)48. 
Dankovic et al. reported complex mixture effects on the dermal absorption of BaP 
and other PAH in mouse skin The dermal halflife of BaP in a volatile organic 
solvent was 3.0 h. When applied in a PAH mixture (a high boiling, 800-850 °F, 
complex organic mixture derived from coal hquefication processes) the dermal 
halflife of BaP was 6.7 h Complex organic mixtures with boiling points ranging 
from 300-700 °F to > 850 °F, increased the dermal halflife of BaP, or in other 
words, reduced the dermal absorption flux, 1.8 - 6 9 fold5. 
These studies indicate that the dose, the vehicle, and the composition of the PAH 
contaminant strongly affect the dermal absorption of PAH. 
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Physico-chemical characteristics 
Roy et al. generated a multivariate regression equation that contained four 
molecular descriptors (from a total of 35 descriptors), which most appropriately 
characterized the in vitro results of percutaneous absorption of 27 single PAH in 
rat skin (r = 0.896). The four descriptors were: molecular surface area, molar 
refractivity, molecular moment of inertia and molecular symmetry41. Dankovic et 
al. reported that the dermal halflife of 11 PAH, administered in a complex PAH 
mixture on mouse skin, ranged from 5.0-8.8 h (BaP: 6.7 h, pyrene: 5.0 h)s. Ng et 
al. studied the dermal absorption of phenantrene, pyrene and BaP in the hairless 
guinea pig in vivo and in vitro. After 24 h, the extent of in vitro absorption was for 
phenantrene 90%, for pyrene 57%, and for BaP 37% of the administered dose (± 
34 nmol/cm2). In vivo it was 80%, 84% and 34%, respectively34,35. 
These studies show that the dermal absorption flux of PAH is lower for PAH with 
a relative high molecular weight (and consequently a high octanol/water partition 
coefficient). 
In Appendix A of this thesis, a schematic presentation of the results of previous 
studies on the dermal absorption of PAH is given. 
1.4 Objectives 
Despite species differences and experimental implications of applied in vitro 
methods in previous percutaneous absorption studies, it is very clear that PAH are 
able to penetrate human skin. However, in occupational hygiene, skin 
contamination and percutaneous absorption of PAH has received little or no 
interest in the past. Only two research groups studied the dermal PAH 
contamination among workers. Wolff and co-workers detected PAH in skin oil 
from roofing workers50, Jongeneelen et al. measured PAH contamination on skin 
of road paving workers, by using exposure pads as pseudo skin18. 
The aim of this research project is to determine the contribution of dermal PAH 
exposure to the total exposure of occupational^ exposed workers. 
In this context the following questions need to be answered: 
What is the daily PAH contamination on skin of occupationally exposed 
workers? 
Which part of the PAH contamination on skin is actually absorbed into the 
body? 
Does the dermally absorbed amount of PAH exceed the amount absorbed 
through inhalation? 
1.5 Methodology 
To meet the objective of the research project a mass balance model, as illustrated 
in figure 3 was applied. The figure shows the input variables: PAH on skin and 
PAH in breathing air, and the output variable: 1-OH-pyrene in urine. The uptake of 
PAH through the consumption of PAH containing food products is left out of the 
model, because it is generally thought that its contribution to the PAH body 
burden of highly exposed workers is relative low. 
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Figure 3. Scheme of study model. 
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The PAH contamination on skin of the workers was measured with so-called 
exposure pads (see chapter 2.2). For the measurement of the PAH concentration 
in the breathing zone air of the workers, personal air samplers were used. Urinary 
1-OH-pvrene is a sensitive biological marker for internal PAH exposure (see 
chapter 2 .1 , 3 .1 , 4 and 5). 1-OH-pyrene is a metabolite of pyrene, which is a main 
component in coal tar and derived products. 
We chose for an approach in which the intake through either skin or respiratory 
tract was related to the urinary 1-OH-pyrene excretion rather than a simple 
comparison of the estimated dermal and respiratory intake. Such a comparison 
alone was thought to be insufficient to draw conclusions about the quantitative 
contribution dermal PAH exposure, because it is very difficult to make accurate 
assessments of both the dermal and respiratory PAH uptake among workers. 
Due to the crucial role of both the skin and biological monitoring method in this 
research project, validation studies were carried out on these PAH monitoring 
techniques. The reliability of the skin contamination measurements was studied 
among workers of an aluminium and a wood preserving plant. The effect of 
(possibly confounding) life style factors on urinary 1-OH-pyrene excretion was 
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studied among non-exposed volunteers. We also developed a method for the 
measurement of interindividual variability in pyrene hydroxylation by using human 
hair follicles. 
A restriction of the applied mass balance model is that the model is in fact only 
valid for pyrene uptake, because 1-OH-pyrene, a metabolite of pyrene, is used as 
biological marker. To be able to draw conclusion about the relevance of dermal 
uptake of other PAH, experimental studies with the blood-perfused pig ear model 
were carried out to compare percutaneous absorption of pyrene with other PAH. 
Experimental human volunteers studies of dermal PAH absorption were conducted 
to determine the dermal absorption parameters necessary to estimate the dermal 
PAH uptake from the skin monitoring data collected in field studies. In addition, 
these experiments revealed information on the sensitivity of urinary 1-OH-pyrene 
as a marker for dermal PAH exposure. 
In cross-sectional studies among workers of an aluminium and a coke plant, we 
measured the amount of PAH on skin, the PAH concentration in breathing air, and 
the urinary 1-OH-pyrene excretion as a measure of the internal dose. 
An advantage of the mass balance model is that it creates the possibility of 
intervention: if the uptake of PAH through skin is indeed important for the body 
burden of a worker, one might expect that a reduction of skin contamination by 
skin protective measures lowers the urinary 1-OH-pyrene excretion. Such 
intervention studies were carried out among creosote and coke oven workers. 
1.6 Outline of thesis 
This thesis presents the results of the studies wich were carried out within the 
framework of the research project on the dermal absorption of PAH in 
occupationally exposed workers. It contains nine papers, devided over chapter 2 
to 5, which are submitted or already published in scientific literature. Because 
each paper is written as a seperate manuscript some redundancy is unavoidable. 
Chapter 1 provides background information on occupational PAH exposure, 
percutaneous absorption of chemicals in general, percutaneous PAH absorption, 
objectives of the research project and methodology. 
In Chapter 2 the results of validation studies of the applied biological and skin 
monitoring methods are presented. This chapter also provides a method for the 
measurement of interindividual differences in pyrene hydroxylation by using human 
hair follicles. 
Chapter 3 describes the experimental studies on dermal PAH absorption. 
Percutaneous PAH absorption was studied in human volunteers after topical 
application of coal tar ointment. The PAH absorption from pure coal tar was 
studied in the blood-perfused pig ear model. 
Chapter 4 presents the results of cross-sectional studies of dermal PAH exposure 
among workers in a primary aluminium plant and a coke plant. 
In Chapter 5, the intervention studies, which were carried out among creosote 
workers and coke oven workers to determine the relevance of dermal PAH 
exposure, are presented. 
In Chapter 6 the results of the research project are discussed and summarized. 
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Smoking and dietary intake of polycyclic aromatic hydrocarbons as 
sources of interindividual variability in the base-line excretion of 
1-hydroxypyrene in urine 
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P.T.J. Scheepers', F.J. Jongeneelenb 
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Abstract 
Seventysix male volunteers, who were not occupational^ exposed to polycyclic 
aromatic hydrocarbons (PAH), participated in a study on the effect of tobacco 
smoking, alcohol consumption, dietary РАН-intake, age, and body fat content on 
the base-line excretion of 1-hydroxypyrene in urine. Major determinants of urinary 
1-hydroxypyrene excretion were smoking, dietary РАН-intake and age. The mean 
1 -hydroxypyrene concentrations in the urine of the volunteers in this study ranged 
between 0.05-0.79 ¿/mol/mol creatinine. Smokers excreted in average 0.25 
//mol/mol creatinine (range: 0.10-0.79 //mol/mol creatinine), non-smokers in 
average 0.12 //mol/mol creatinine (range: 0.04-0.29 ¿/mol/mol creatinine). The 
average number of cigarettes smoked per day correlated well with urinary 1-
hydroxypyrene concentrations (rs=0.67, ρ < 0.001). The consumption of PAH 
containing food products and active smoking make up for 9 9 % of total pyrene 
intake. The effect of age on 1-hydroxypyrene excretion is probably caused by a 
lower creatinine excretion in the elderly. Passive smoking and fat content had a 
significant, but neglectable effect on urinary 1-hydroxypyrene excretion. Passive 
smoking and the inhalation of ambient air are relatively unimportant for total 
pyrene intake (both less then 1 % ) . Neither the consumption of alcohol, nor the 
inhalation of ambient air significantly affected urinary 1-hydroxypyrene excretion. 
It is concluded that when urinary 1 -OH-pyrene excretion is used in the assessment 
of PAH exposure, one should particularly be aware of the interindividual variability 
of the base-line excretion of РАН-metabolites due to tobacco smoking and dietary 
PAH-intake. 
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Introduction 
Polycyclic aromatic hydrocarbons (PAH) are formed due to incomplete combustion 
of fossil fuels and are widely distributed in the environment (Hemminki 1990). 
Sources of PAH are power plants, domestic and industrial heathing systems, 
combustion engines, refuse burning and tobacco smoke. Exposure to PAH may 
occur due to smoking (IARC, 1986), occupation (BjGrseth and Becher 1986; 
Jongeneelen et al. 1988a), polluted air (IARC 1983; RIVM 1989), food con-
sumption (Lijinsky 1991; Vaessen et al. 1984, 1988; De Vos et al. 1990) and 
medication (Clonfero et al. 1989). 
The International Agency for Research on Cancer stated that there is sufficient 
evidence that 11 PAH are carcinogenic to experimental animals. Epidemiological 
studies have shown an increase in cancer incidence among workers exposed to 
PAH (IARC 1983). Little is known about the human cancer risk of the wide spread 
distribution of low levels of PAH in food products and polluted air. 
Jongeneelen et al. (1988a, 1988b) developed a biological monitoring method for 
the measurement of human PAH exposure. In this method urinary 1-
hydroxypyrene, a major metabolite of pyrene, is used as biological marker. This 
method has already been used in various PAH exposure studies: exposure through 
food (Buckley and Lioy 1992), environmental tobacco smoke (ETS) (Scherer et al. 
1992), outdoor air (Zhao et al. 1992), occupation (Buchet et al. 1992; 
Jongeneelen et al. 1988a, 1988b, 1988c, 1990; Tolos et al. 1990; VanRooij et al. 
1992, 1993a, 1993b), medication (Clonfero et al. 1989), and exposure of 
recreative watersporters (Weerdt 1991). 
The extent of urinary 1-hydroxypyrene excretion is not only determined by the 
PAH uptake but also by differences in distribution, metabolism and excretion. 
Factors that may cause the inter-individual differences in 1-hydroxypyrene 
excretion are life-style factors, such as smoking and alcohol consumption, food 
consumption and personal factors, such as body fat content, age and sex. 
The smoking of cigarettes does not only result in an exposure to thousands of 
xenobiotics, including PAH (IARC 1986), but may also affect the metabolism of 
PAH because of the inducing effect of cigarette smoke on cytochrome P450 
enzymes (Sesardic et al. 1987). In several studies the effect of smoking on urinary 
1-hydroxypyrene excretion is determined. Most studies indicate an increasing 
effect of smoking on urinary 1-hydroxypyrene excretion (Jongeneelen et al. 1990; 
Sherson et al. 1992; VanRooij et al. 1993a). However, in some studies the 
increase of urinary 1-hydroxypyrene concentrations in smokers was not significant 
(Jongeneelen et al. 1988a, 1988b; Zhao et al. 1992). Besides the active smoking 
of cigarettes, exposure may occur by passive smoking through inhaling 
environmental tobacco smoke. Scherer et al. (1992) showed in an experimental 
study increased urinary 1 -hydroxypyrene concentrations among smokers, but they 
could not find an effect of ETS on urinary 1 -hydroxypyrene concentrations among 
passive smokers. 
Lieber (1990a, 1990b, 1990c) investigated the effect of alcohol consumption on 
the metabolism of xenobiotics in general. He concluded that there is an inhibitory 
effect in acute alcohol consumption and an induction of metabolism when alcohol 
is used chronically. These effects are based on a competition for, and stimulation 
of, the microsomal cytochrome P450 system respectively. Several other studies 
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performed on acute and chronic alcohol consumption confirmed these findings 
(IARC 1988, Holtzman et al. 1985; Rubin et al. 1970). 
A common phenomenon in daily life is the simultaneous consumption of alcohol 
and smoking of cigarettes. From epidemiological studies it is clear that cigarette 
smoke is an important factor in the cancers of the upper respiratory tract and the 
oesophagus. The use of alcohol increases this risk in a dose dependent matter, 
indicating an additive effect between alcohol consumption and smoking in 
carcinogenesis (IARC 1986; Lieber et al. 1986). Whether this interaction also 
plays a significant role in PAH metabolism is yet to be solved. Indications of an 
interaction between the use of alcohol and smoking in PAH metabolism were 
found in recently performed studies. In experimental animals a decrease in 
hydroxy-benzo(a)pyrene metabolites was found in animals addicted to alcohol 
(Van de Wiel et al. 1992). A study on occupational PAH exposure indicated a 
significant effect of the interaction of smoking and drinking on 1-hydroxypyrene 
concentrations in urine of coke oven workers (VanRooij et al. 1993a). 
Food consumption is a significant exposure route to PAH (RIVM 1989; Buckley 
and Lioy, 1992). PAH are low level contaminants in food. This contamination may 
arise from deposition of PAH from environmental sources (exhaust-fumes, 
household heating), but also from the processing of food in food industry and 
households (pyrolysis of carbohydrates and fats). 
Body fat content may affect the distribution of pyrene and 1 -hydroxypyrene in de 
body. Although accumulation of pyrene is not very likely due to the rather short 
half-life time of pyrene: between 6-35 hours (Jongeneelen et al. 1990), between 
16-20 hours (Buchet 1992). 
In the metabolism of PAH, the cytochrome P450 system, in particular the P450IA 
family, plays an important role (Sesardic et al. 1990). The types and amounts of 
cytochrome P450 may vary with age and sex. Aging in humans is associated with 
marked declines in the disposition of numerous xenobiotics that require hepatic 
biotransformation before elimination. Schmucker et al. (1990) found that the 
reduced clearance in the elderly probably is not caused by a change in human liver 
microsomal cytochrome P450, but is due to a reduced liver volume, coupled with 
diminished liver blood flow. The activity of arylhydrocarbon hydroxylase (P450 
1A1) in rat liver microsomes is known to show a clear sex-related difference 
(Gurtoo and Bejba Parker 1977). Van de Wiel et al. (1992) found significantly 
higher B(a)P hydroxylase activity in male liver microsomes compared to female 
liver microsomes, caused by a male specific isoenzyme. In man, sex-related 
differences in microsomal enzymes have not been fully studied, but it seems to be 
less profound (Kato 1987). If sex specific forms of P450 exist, their relative 
amount in human liver microsomes should be small. However it is possible that 
these minor compounds of P450 play significant roles in specific oxidative 
pathways of some xenobiotics (Kato 1987). Zhao and co-workers (1992), 
however, did not find significant differences in the base-line excretion of 1-
hydroxypyrene between male and female volunteers. 
For the assessment of exposure to PAH with urinary 1-hydroxypyrene as 
biomarker, it is necessary to identify factors that affect the base-line excretion of 
1-hydroxypyrene. In the present study, we studied the effect of tobacco smoking, 
alcohol consumption, dietary PAH intake, age, and body fat content on the base-
line excretion of 1 -hydroxypyrene in urine of male volunteers. 
Study design and methods 
This study was carried out among 76 Dutch male volunteers in the age of 21 - 64 
years. All the volunteers were not occupational^ exposed to PAH. Table 1 and 2 
summarize the characteristics of the group under study. The volunteers were 
asked to collect three spot urine samples on Monday 14th September 1992. Urine 
was sampled directly after awakening ('morning-sample'), before diner ('afternoon-
sample') and in the evening between 22.00 and 24.00 h ('evening-sample'). The 
urine samples were analyzed for 1-hydroxypyrene and creatinine. The volunteers 
filled in a questionnaire which included questions on life-style factors (smoking, 
alcohol consumption), personal factors (age, weight, height, occupation, hobbies, 
state of health, use of medication and ethnic origin), and exposure parameters 
(consumption of PAH containing food products, (passive) smoking, traffic 
participation). 
Table 1. Personal data of the male volunteers who participated in the study. 
Parameter 
Age (years) 
Height (cm) 
Weight (kg) 
Ql· (kg/m2) 
N 
76 
76 
75 
75 
Mean 
35.2 
181.4 
74.4 
22.5 
(sd) 
(12.3) 
(7.5) 
(9.1) 
(2.1) 
Median 
32 
182 
74 
22.6 
(95% C.I.) 
(21-64) 
(171-193) 
161-92) 
(19-26) 
' quetelet index = weight/(height)2 
Table 2. Smoking and drinking characteristics of the volunteers 
Class 
1 
2 
3 
4 
total 
Smoking" 
0 
0 
1 
1 
Drii 
0 
1 
0 
1 
iking" N 
12 
27 
13 
24 
76 
Ncige 
0 (0-0) 
0 (0- 0) 
15 (2-45) 
10 (2-25) 
Ndrinksd 
0 (0-0) 
1 (0.5-5) 
0 (0-0) 
2 (0.5-5) 
* 0 = no, 1 =yes 
ь
 0 = daily average = 0 and Sunday evening s 2 glasses 
1 = daily average > 0, or daily average = 0 and Sunday evening > 2 glasses 
* number of cigarettes per day, median (95%CI) 
* number of alcoholic drinks per day, median (95%CI) 
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1 -hydroxypyrene In urine 
The spot urine samples were stored at -20"C until analysis. In total, 228 urine 
samples were analysed for 1-hydroxypyrene. Metabolites in urine were 
deconjugated by enzymatic hydrolysis and a solid-phase extraction was applied to 
clean-up and concentrate the urine samples. Analysis by HPLC allows the 
determination of the sum of free and conjugated 1-hydroxypyrene in urine at the 
nmol/l level (Jongeneelen et al. 1987). Reproducibility was determined by repeated 
analysis of 22 at random selected urine samples. The coefficient of variation was 
13%. To account for differences in dilution of the urine, urinary 1-hydroxypyrene 
concentrations were corrected for creatinine. Corrections with very low or high 
creatinine values are not reliable. Therefore urine samples with creatinine 
concentrations beyond the range of 4 -34 mmol/l were excluded from the data 
analysis. 
(Passive) Smoking 
The volunteers were asked whether they smoked cigarettes (with or without 
filter), cigars or pipe; the averaged number of cigarettes, cigars or pipe smoked 
per day; and the brand-name of the tobacco they smoked. Volunteers who 
indicated in their questionnaire not to smoke at all, were classified as non-
smokers. All the others were classified as smokers. Only two persons indicated in 
the questionnaire to be cigar smokers, only one person smoked pipes. These 
persons were classified as if they were cigarette smokers (one cigar or pipe is 
considered as one cigarette). For the assessment of PAH uptake through passive 
smoking the volunteers stated how many hours they stayed in ETS polluted rooms 
on Saturday 12th, Sunday 13th, and Monday 14th of September. 
Alcohol consumption 
The volunteers were asked about their drinking habits: the averaged amount of 
alcohol consumption during week days and the number of glasses consumed on 
Saturday 12th, Sunday 13th, and Monday 14th of September. A glass of beer, 
wine or liquor contains comparable amounts of alcohol. Those volunteers who 
indicated that they did not drink during weekdays (average alcohol consumption = 
0 glasses/day) and that they consumed s 2 drinks on Sunday evening were classi-
fied as non-drinkers. In all the other cases, including both habitual drinkers and 
occasional week-end drinkers, volunteers were classified as drinkers. The reason 
for this classification is that when consuming more then 2 glasses of alcohol a 
blood ethanol level of approximately 0.5 mg/g (= 0.5 °/oo) is reached, at which 
the inducible microsomal ethanol oxidizing system (MEOS) is involved in alcohol 
metabolism (Lieber et al. 1987; Papke 1990). MEOS is thought to be an important 
factor in the interaction with smoking. Below the level of 0.5 mg/g the enzyme 
alcohol dehydrogenase (ADH) is the main ethanol metabolizing enzyme (Papke 
1990). 
Personal factors 
The quetelet index is used as a measure for body fat content. The index is 
calculated from height (m) and weight (kg): 
(1) Quetelet index (kg/m2)= weight/ (height)2 
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The volunteers filled in their ethnic origin because of possible differences in 
alcohol metabolism between persons from varying etnie origin (Li and Bosron 
1987). Only healthy volunteers participated in the study. None of the volunteers 
were occupational^ exposed to PAH, or were exposed during hobby activities. 
Pyrene exposure parameters 
For the estimation of pyrene intake through ambient air the volunteers were asked 
how many hours they had been participating in the traffic on Saturday 12th and 
Sunday 13th of September. For the estimation of the pyrene intake through food 
consumption the volunteers filled in the type and weight (grams) of all the food 
products they consumed on Saturday 12th, Sunday 13th and Monday 14th of 
September. 
Statistical analysis 
Exposure variables are presented with the median because this measure of central 
location is more representive for a skewed distribution of data than the arithmetic 
mean. The ranges given in this article are 95% confidence intervals (95%CI). 
Multiple regression analyses were carried out to study the relation between 1-
hydroxypyrene and the various parameters under investigation. For the normal 
distribution assumption the residues were checked. The residues showed no major 
deviation from the normal distribution assumption. Depending on the normality of 
the data, either the t-test or the Wilcoxon signed rank test was applied to 
determine the significance of the difference of means. Correlations were assessed 
with the Spearman rank correlation test (rs). The analyses were performed with 
the SAS computer software package, version 6.06. 
Results 
1-hydroxypyrene in urine 
It was found that the urinary excretion of 1-hydroxypyrene was slightly, but 
significantly (p = 0.02), higher in the evening than in the morning. No significant 
difference in 1-hydroxypyrene excretion was found between the evening and 
afternoon, and the afternoon and morning (table 3). In further data analyses the 
mean values of the 1-hydroxypyrene concentration in the morning, afternoon and 
evening sample were used. 
Figure 1 shows the 1-hydroxypyrene concentrations in urine of the volunteers, 
divided in four classes: (1) non-smokers who did not consume alcohol, (2) non-
smokers who consumed alcohol, (3) smokers who did not consume alcohol, (4) 
smokers who consumed alcohol. 
The 1-hydroxypyrene concentrations found in the urine of the volunteers in this 
study ranged between 0.05-0.79 /лтіоі/mol creatinine. In non-smokers urinary 1-
hydroxypyrene excretion was in average 0.12 //mol/mol creatinine (range: 0.04-
0.29 //mol 1-hydroxypyrene/mol creatinine). In smokers the 1-hydroxypyrene 
concentration was significantly higher: in average 0.25 //mol/mol creatinine (range: 
0.10-0.79 ¿/mol/mol creatinine) (table 7). The number of cigarettes smoked 
correlated rather well with urinary 1-hydroxypyrene concentrations (rs = 0.67, p = -
0.0001, N = 76, see figure 2), suggesting that there is a dose-effect relationship 
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Table 3. 1-Hydroxypyrene concentrations in urine per class of volunteers 
(μπΊΟΐ/ηιοΙ creatinine). 
Class N 
1 12 
2 27 
3 13 
4 2 4 
Total 7 6 
• 0 « n o 1 = 
ь
 0 »daily 
Smob 
0 
0 
1 
1 
yes 
гад = 
ing· Drinking* 
0 
1 
0 
1 
1-HYDROXYPYRENE IN URINE (//mol/mol creatinine) 
median (95%CII 
Monday morning Monday afternoon Monday evening 
0.09 (0.04-0.24) 
0.12 (0.05-0.38) 
0 . 3 4 Ί 0 . 1 4 - 0 . 7 1 ) 
0 . 2 5 Ί 0 . 0 8 - 0 . 5 7 ) 
0.15 (0.05-0.57) 
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Figure 1. The 1-hydroxypyrene concentration in urine of the volunteers devided in 
four classes based on smoking and/or drinking habits (pmol/mol 
creatinine, median value, 95%CI). The median values are based on the 
mean 1-hydroxypyrene concentration in three urine samples (morning, 
afternoon, and evening). 
urinary 1-hydroxypyrene (^mol/mol creatinine) 
0.8 
0.6 
0.4 
0.2 
ns = non-smoker, s = smoker 
nd = non-drinker, d = drinker 
ns-nd ns-d s-nd s-d 
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Figure 2. Dose-effect relationship between the averaged number of cigarettes 
smoked per day and the urinary 1-hydroxypyrene concentration 
(μπΊοΙ/σιοΙ creatinine!. The 1-hydroxypyrene concentration is the mean 
value of the concentration in three urine samples (morning, afternoon, 
and evening}. The regression line with 95% confidence limits is drawn. 
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average number of cigarettes per day 
between smoking and urinary 1 -hydroxypyrene concentration. Among the 
smokers, 11 indicated to smoke filter cigarettes and 22 indicated to smoke non-
filter cigarettes. Volunteers who smoked filter cigarettes tend to have lower 
urinary 1-hydroxypyrene excretion than non-filter cigarette smokers. However, this 
difference, corrected for the number of cigarettes smoked per day, was not 
statistically significant (multiple regression model: 1 -hydroxypyrene (//mol/mol 
creat.) = filter (yes = 1, no = 0) + number of cigarettes. Least square mean of 
urinary 1-hydroxypyrene in filter-cigarette smokers was not significantly lower 
than in non-filter cigarette smokers: ρ=0.13). 
The consumption of alcohol had no significant effect on urinary 1-hydroxypyrene 
excretion (p = 0.41). Among non-smokers, drinkers excreted in average 0.13//mol 
1-hydroxypyrene/mol creatinine and non-drinkers 0.10 //mol/mol creatinine. The 
slightly higher urinary 1 -hydroxypyrene concentration for drinkers was not found in 
in the group of smoking volunteers. In the group of smokers, drinkers had in 
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average lower urinary 1-hydroxypyrene concentrations than non-drinkers: 0.25 
and 0.30 //mol/mol creatinine, respectively. 
Руг п exposure estimates 
Based on the information from the questionnaires filled in by the volunteers and 
information from literature we estimated the intake of pyrene through: (i) active 
smoking, (ii) passive smoking, (iii) ingestion of food and (iiii) inhaling indoor and 
outdoor air (see table 4). In the estimates of respiratory pyrene intake it is 
assumed that 2 5 % of the inhaled particulates are exhaled (EPA 1989). 
Table 4. Estimates of the daily pyrene intake (nmol/dayl from various sources. 
SOURCE 
Smokers 
(N = 37) 
Non smokers 
(N = 391 
Median 
І95ЧСІ) 
Percentage' 
Median 
(95%CI) 
Percentage* 
Food 
8 60 
(3 99 19 281 
S3 
10 14 
(3 55-23 72) 
99 
Smoking 
Mainstream 
11 91 
(0 56 33 90) 
47 
0 
(0-0) 
0 
Smoking 
Passive 
< 0 001 
(0 0 016) 
< 1 
< 0 0 0 1 
(0 0 009) 
< 1 
Ambient air 
Indoor 
0 03 
10 03 0 04) 
< 1 
0 03 
10 03 0 04) 
< 1 
Ambient air 
Outdoor 
< 0 005 
10 0 01) 
< 1 
< 0 005 
(0 0 01) 
< 1 
Total pyrene intake 
19 59 
(8 73 49 01) 
100 
10 17 
(3 58-23 78) 
100 
* the median value of the lor each volunteer separately calculated, 
percentuel contribution of the vanous sources to total pyrene intake 
Active smoking 
Pyrene intake through mainstream smoke is calculated based on the number of 
cigarettes smoked per day and the tar content of the smoked tobacco (see 
formula 2). This formula is formed with data on the pyrene intake per cigarette as 
reported in literature (0.07-1.34 nmol pyrene/cigarette (IARC 1983, 1986), and 
data on the tar content of various tobacco brands (1-30.2 mg/cigarette) 
(Keuringsdienst van Waren 1990), by assuming that the reported range of pyrene 
intake per cigarette only is determined by the variation in tar content of various 
tobaccos in a linear way: 
(2) Pyrene intakera= N * (0.043*tar content + 0.027) * DP 
where Pyrene intake,^ the intake of particle bounded pyrene when smoking 
actively (nmol/day)(mainstream smoke contains neglectable amounts of gaseous 
PAH (Grimmer et al. 1987)); tar content = the amount of tar in a cigarette (mg); 
N= the averaged number of cigarettes smoked per day; DP= the percentage of 
the total inhaled amount of particulate pyrene that is deposited in the lung = 
75%. 
The pyrene intake through mainstream smoke (= the smoke inhaled when 
smoking actively) was in average 11.9 nmol/day, range: 0.56-33.9 nmol/day. 
Passive smoking 
The daily pyrene intake through sidestream smoke is estimated assuming that the 
pyrene concentration is 1.5 times higher (EPA 1989) then the pyrene 
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concentration in indoor air of non smokers homes (2.7 pmol/m3, see equation 6): 
(3) Pyrene intake,» = Cpyr · RV * H * DP 
where Pyrene ¡ntake„.= the intake of pyrene when smoking passively (nmol/day); 
Cpyr= the concentration of pyrene in a room due to environmental tobacco 
smoke = (1.5 # 2.7) - 2.7 = 1.4 pmol/m3; RV= the respiratory volume inhaled in 
one hour = 0.8 m3/hour (Gezondheidsraad 1984); H = the number of hours stayed 
in an ETS polluted room, averaged over Saturday 12th, Sunday 13th and Monday 
14th of September; DP= the percentage of the total inhaled amount of particulate 
pyrene that is deposited in the lung = 75%. 
The pyrene intake through sidestream smoke (= the smoke inhaled when smoking 
passively) was in average 0.0005 nmol/day, ranging between 0-0.016 nmol/day. 
Dietary intake 
The daily dietary pyrene intake was estimated by means of the food lists filled in 
by the volunteers, and the pyrene concentrations in various food products as 
reported in literature (see table 5): 
(4) Pyrene intake,^ = Z(Cpyr(p * amount^) 
where Pyrene intake(ood= the daily intake of pyrene through food consumption 
(nmol/day); Cpyrfp= the pyrene concentration in a food product (nmol/kg); 
amount^ = the amount of a food product consumed (kg/day). 
Pyrene concentrations of food products of which the pyrene content was 
unknown were estimated on the basis of comparable products as listed in table 5, 
for example the pyrene concentration of minced meat was based on the pyrene 
concentration of hamburger, and the pyrene concentrations in vegetables, other 
than those listed, were based on the pyrene concentration in unspecified 
vegetables in total diet samples. 
The dietary pyrene intake was in average 9.4 nmol/day, ranging from 3.6-23.7 
nmol/day. The daily dietary intake did not differ significantly between the three 
days: Saturday, Sunday and Monday (p = 0.47). Therefore the averaged con-
sumption over the three days was used in the data analysis. 
Indoor and outdoor air 
The pyrene intake through inhalation was estimated with the following formulas: 
(5) Pyrene intake,,^ = С р у г ^ * RV * traffic participation/1000 * DP 
(6) Pyrene intake^= Cpyr^ * RV · (24-traffic participation)/1000 * DP 
where Pyrene intakeouUI= pyrene intake through inhalation of outdoor ambient air 
(nmol/day); Pyrene intake r t= pyrene intake through inhalation of indoor ambient 
air (nmol/day); Cpyrould=the pyrene concentration in outdoor ambient air = 5.4 
pmol/m3 (particle bounded) (Gezondheidsraad 1984); Cpyr„,= the pyrene 
concentration in indoor ambient air = 2.7 pmol/m3, assuming a ratio of outdoor 
air:indoor air= 2:1 in a room which is not polluted with ETS (Butler and Crossley 
1979); RV= respiration volume = 0.8 m3/hour; traffic part= the number of hours 
participated in traffic, averaged over Saturday 12th and Sunday 13th of 
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Table 5. Data on pyrene concentrations fnmol/kgi in various food products. 
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Main group 
Meat 
Vegetables 
Fish 
Cereals 
Oils 
Fruits 
Poultry 
Dnnk* 
Dairy 
Sweets 
Product 
roasted/baked steak 
pork ribs 
hamburger 
pork 
sausages 
beef 
smoked ham 
* beef (chipped) 
• pork 
total diet samples 
(meat stewed,- on bread) 
spinach 
kale 
tomato 
endive 
cauliflower 
salad 
carrot 
total diet samples 
(remaining vegetables! 
smoked fish 
non-smoked herring 
non-smoked salmon 
total diet samples 
(tunny, etc) 
bread 
bran 
margarine 
(vegetable) oils 
butter 
dried fruit 
total diet samples 
chicken 
teer 
whisky/jenever 
coffee 
tea 
milk 
cheese 
yogurt/ice-cream 
cream 
cream substitute 
chocolat 
pudding 
cake/biscuits 
Pyrene 
92.9 
207.7 
37.6 
118.7 
7.4 
15.8 
55.3 
2.5 
55.4 
3.0 
12.3 
28 7 
4.9 
9.9 
< 0.5 
2 0 
< 0.5 
7.3 
11.8 
4 0 
6 9 
3.9 
2.9 
0.5 
8 4 
1 7 5 
5.9 
6.4 
4.0 
4.7 
1.1 
0.5 
neglectable 
neglectable 
0.2 
3.9 
3.9 
8.2 
15.5 
17.9 
9.9 
10.6 
Reference 
Li|insky 1991 , Lo 1978 
Li|insky 1991 
Lijinsky 1991 , Lo 1978 
Li|insky 1991 
Lo 1978. Vaessen 1988 
Lo 1978 
Lo 1978 
Lo 1978 
Lo 1978 
LAC 1986 
Speer 1990, Vaessen 1988 
LAC 1986 
LAC 19B6 
LAC 1986 
Speer 1990 
Speer 1990 
Speer 1990 
LAC 1986 
Lijinsky 1991 , Lo 1978 
Lo 1978 
Lo 1978 
LAC 1986 
Dennis 1991 , Vaessen 1988 
Dennis 1991 
Dennis 1991 , Vaessen 1988 
Dennis 1991 
Dennis 1991 
Dennis 1991 
LAC 1986 
Li|insky 1991 , Lo 1978 
Dennis 1991 
Dennis 1991 
IARC 1991 
IARC 1991 
LAC 1986 
Dennis 1991 
Dennis 1991 
Dennis 1991 
Dennis 1991 
Dennis 1991 
Dennis 1991 
LAC 1986 
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September; DP= the percentage of the total inhaled amount of particulate pyrene 
that is deposited in the lung = 75%. 
Pyrene intake through inhalation of indoor and outdoor ambient air was in average 
0.03 nmol/day and less then 0.005 nmol/day, respectively. 
Total daily pyrene Intake 
The total daily pyrene intake varied between 3.6 and 49.0 nmol/day. For smokers 
the total daily pyrene intake was in average 19.6 nmol/day; for non-smokers 10.2 
nmol/day (table 4). For smokers it was estimated that in average 53% of total 
pyrene intake came from food consumption and 47% from mainstream smoking. 
For non-smokers pyrene intake through food consumption was the major source in 
total daily pyrene intake, making up for 99% of total pyrene intake. The 
contribution of passive smoking and inhalation of indoor and outdoor air to total 
pyrene intake was very small (less than 1 %) in comparison with active smoking 
and dietary intake. 
Multiple regression analysis 
Stepwise multiple regression analyses were performed to determine the 
relationship between the urinary 1-hydroxypyrene excretion and the various 
exposure and personal parameters of the 76 volunteers: active and passive 
smoking, dietary intake, indoor and outdoor air, quetelet index, age, drinking, and 
the interaction between smoking and drinking. In table 6 it is shown that pyrene 
intake through active smoking, passive smoking, food consumption, the quetelet 
index, and age significantly determine the urinary 1-hydroxypyrene concentration 
(p^O.05). It is noted that the relative high parameter estimate for passive 
smoking does not mean that passive smoking contributes substantially to urinary 
1-OH-pyrene excretion because the pyrene intake through passive smoking is very 
low ( < 1 % of total pyrene intake). Alcohol consumption (the averaged number of 
glasses consumed per day), the interaction between smoking and drinking, and 
the pyrene intake through ambient air did not significantly determine urinary 1-
hydroxypyrene (p = 0.21, p=0.30 and p = 0.51 respectively), and were excluded 
from the model. The variation found in urinary 1-hydroxypyrene concentrations 
was for 74% explained by the regression model. This suggests that either the 
estimation of the pyrene intake from the different sources are rather inaccurate, or 
other factors which were not investigated play a role in urinary 1-hydroxypyrene 
excretion. 
Discussion 
In table 7 an overview of the results of this and earlier studies on the base-line 1 -
hydroxypyrene concentrations in urine of male non-smokers and smokers is given. 
All studies report higher concentrations in smokers than in non-smokers, although 
not always statistically significant. Despite variation in PAH intake, due to 
different dietary habits, variation in personal characteristics of volunteers and 
inter-laboratory variation, it is concluded that the base-line excretion of 1-
hydroxypyrene in non-smokers, as measured in the present study, is rather low, 
but quite comparable with the results from other studies. Comparison of 
Table 6. Multiple regression analysis: the urinary 1-hydroxypyrene excretion 
(μσίοΙ/mol creatinine) versus the pyrene intake from different sources 
(nmol/dayt. quetelet index and age. 
Dependent variable: urinary 1-hydroxypyrene concentration (μπιοΙ/mol creatinine)' 
Independent parameter standard p-value partial 
variables* estimate error R' 
intercept 
active smoking (nmol pyrene/day) 
passive smoking (nmol pyrene/day) 
food consumption (nmol pyrene/day) 
quetelet index (kg/m'l 
age (years) 
0.259 
0.015 
8.250 
0.004 
-0.011 
0.002 
0.1106 
0.0012 
3.3679 
0.0015 
0.0049 
0.0008 
0.0219 
0 0001 
0.0168 
0.0205 
0.0245 
0.0076 
• 
0.66 
0.02 
0.02 
0 02 
0.01 
' the 1-hydroxypyrene concentration used in the calculations is the arithmetic mean of 
the urinary 1 -hydroxypyrene concentrations of the morning, afternoon and evening samples 
' the use of alcohol (weekly averaged number of alcoholic consumptions per day), the interaction 
of smoking and drinking, and the pyrene intake through ambient air were excluded from 
the model because the p-values were above the significance level (p>0.05) 
1-hydroxypyrene concentrations in urine of smokers in the different studies is 
difficult because the number of cigarettes smoked per day is probably a strong 
additional source of variation. 
This study confirmes that the smoking of cigarettes significantly increases urinary 
1-hydroxypyrene concentrations (figure 1). The number of cigarettes smoked 
correlated well with urinary 1-hydroxypyrene concentrations suggesting that there 
is a dose dependent relationship between smoking and the urinary 1-
hydroxypyrene concentration (figure 2). Statistical analysis of the data showed us 
that the effect found is not biased by differences in food consumption. The 
increased urinary 1 -hydroxypyrene excretion in smokers could be explained by the 
fact that cigarette smoke contains a wide variety of toxic xenobiotics, including 
many PAH. Inhalation of tobacco smoke, both actively and passively, results in a 
higher pyrene intake. In addition, smoking may have an inducing effect on the 
cytochrome P4501A family which is primarily responsible for PAH metabolism 
(Sesardic 1990). In lung tissues from smokers Petruzzelli et.al. (1988) detected 
elevated P450IA1 activity. They reported also that this activity returned to basal 
(non smoker) values within about 60 days after cessation of smoking. The P450IA 
family consists of two subtypes, P450IA1 and P450IA2. Induction by cigarette 
smoke is found to raise human liver microsomal P450IA2 levels (Pelkonen et al. 
1986, Sesardic et al. 1987, Sherson et al. 1992). Although microsomal P450IA1 
is inducible in rat liver (Celier and Cresteil 1989; Sesardic et al. 1990), it is unclear 
whether smoking also induces microsomal P450IA1 in human liver (Pelkonen et al. 
1986, Sesardic et al. 1987, 1990). The identity of the compounds in cigarette 
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Table 7. Overview of 1-tiydroxypyrene concentrations in urine of not 
occupational^ exposed male smokers and non-smokers (pmol/mol 
creatinine) 
1-HYDR0XYPYRENE IN URINE yvmolftnol creatinine! 
median (95%CI,N|· 
Non f mokers 
This study (Netherlands! 0 12 10 04 0 29,391 0 25 (0 10 0 79,371 
university controls (Netherlands) 
university controls (Turkey! 
inhabitants of Beijino (Chma) 
industrial controls' (Netherlands! 
industrial controls1 (Netherlands! 
industrial controls' (Denmark) 
industrial controls* (Belgium! 
0 26(0 02 0 66,521 
0 24 ISD-0 13.15) 
0 68 (SD - 0 48,74) 
0 17 (0 01 0 93,141 
0 27 (0 04 0 80,301 
0 16(0 10 0 22,201 
0 OS (range not given,91 
0 28 (0 09-1 31.381 
0 33 (SD-0 19.14) 
0 76 (SD-0 53,84) 
0 51 (0 04-1 24;28l 
0 42 (0 16-1 06,331 
0 26 10 18-0 34.261 
0 17 (range not given, ( 
Jongeneelen 1988a 
Burgaz 19Θ2 
Zhao 1992 
Jongeneelen 1990 
VanRooij 1992, 1993a, 1993b 
Sherson 1992 
Buchet 1992 
when the medun and 95%CI are not available, the anthmetic mean and standerd deviation (SD) are given 
non exposed workers of a coke plant 
non exposed workers of a coke plant, wood preserving plant and a alummlurn plant 
non-exposed workers from water purification plants 
non exposed office workers from a graphite electrode producing plant 
smoke responsible for induction most probably are PAH, because of the similar 
effects of PAH and cigarette smoke on B(a)P metabolism in various experimental 
systems (Vähäkangas et al. 1987). 
The use of alcohol did not significantly affect the urinary 1 -hydroxypyrene 
concentrations. No significant correlation was found between the amount of 
alcohol and urinary 1-hydroxypyrene excretion (rs=0.09, ρ=0.46). This is in 
agreement with a previous study among coke oven workers where no effect of 
alcohol on urinary 1-hydroxypyrene excretion was found (VanRooij et al. 1993a). 
Figure 1 suggests that the consumption of alcoholic drinks leads to higher urinary 
1-hydroxypyrene concentrations in non-smokers, and lower urinary 1-
hydroxypyrene concentrations in smokers. These opposite changes in urinary 1-
hydroxypyrene concentration in non-smokers and smokers suggests that there is 
an interaction between smoking and drinking. However, multiple regression 
analysis showed that the interaction between smoking and the consumption of 
alcohol did not significantly affect urinary 1-hydroxypyrene excretion (p=0.30). 
The lower urinary 1-hydroxypyrene concentrations in smokers who drink alcohol 
(class 4) in comparison with non-drinking smokers (class 3) is probably caused by 
the fact that the non-drinking smokers smoked in average less cigarettes than the 
smokers who drink, 10 cigarettes/day and 15 cigarettes/day, respectively (see 
table 2). It is concluded that the difference in 1-hydroxypyrene excretion in urine 
between the four classes is mainly caused by differences in smoking habits. 
Besides the significant effect of active smoking, multiple regression analysis 
revealed that the pyrene intake through the diet and passive smoking, quetelet 
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index and age significantly determine the urinary 1-hydroxypyrene concentration. 
The profound effect of dietary PAH intake found in this study is in accordance 
with other studies (Alvarez 1990; Buckley and Lioy 1992). The effect of passive 
smoking on the urinary 1 -hydroxypyrene concentration is remarkable, because the 
quantitative contribution of passive smoking to total pyrene intake is small (less 
then 1 % , see table 4) to explain the higher 1-hydroxypyrene concentration. It is 
noted that this effect of passive smoking should be interpretated with care. Firstly 
because the estimate of the intake through passive smoking is probably very 
inaccurate (see formula 3), secondly because Scherer and co-workers (1992) did 
not find elevated urinary 1-hydroxypyrene concentrations even after extremely 
high ETS exposure. In the regression model, quetelet index is negatively correlated 
with the urinary 1-hydroxypyrene concentration (p=0.025), indicating a lower 
urinary 1-hydroxypyrene concentration in urine of volunteers with a higher body 
fat content. Although passive smoking and quetelet index do affect the variation 
found in urinary 1-hydroxypyrene excretion, their effect is very limited compared 
to the effect of active smoking and dietary intake. 
The rather strong effect of age on the 1-hydroxypyrene excretion in urine 
(p=0.008) is probably caused by the fact that the 1-hydroxypyrene concentration 
in the spot urine samples are corrected for dilution by dividing the concentration 
with the creatinine concentration of the urine sample. Alessio et al. (1985), and 
Berlin et al (1985) reported that the adjustment of urinary biological indicators 
with the creatinine concentrations is rather unreliable. Not because the levels of 
creatinine are influenced by diuresis, but because creatinine levels show marked 
intra- and interindividual variations. In the present study the creatinine 
concentration in the urine samples ranged from 0.2 to 43.3 mmol/1 (N=76*3). In 
a multiple regression model it was studied which factors determine the inter-
individual variation in creatinine concentration in urine. It was found that age 
significantly determined the creatinine concentration (mean value of the morning, 
afternoon and evening urine samples, ρ = 0.0008). The higher 1-hydroxypyrene 
concentrations in urine found in the elderly, expressed in ¿/mol/mol creatinine, 
could therefore be a result of a lower creatinine clearance. The diuretic effect of 
the consumption of alcohol (average number of glasses per day) was less clear: 
ρ = 0.066. The mathematical relationship was: mean creatinine concentration 
(mmol/l) = 19.9 - 0.6 * number of alcoholic drinks per day - 0.14 · age (years). 
No significant effect on the mean creatinine concentration was found due to 
smoking, quetelet index, and whether the volunteers regularly sport. The r* of the 
model was very low (0.20) indicating that there are other, more important 
variables that determine the variation in urinary creatinine concentration. 
Each volunteer delivered three urine spot samples, one morning, one afternoon 
and one evening sample. It was found that urinary 1-hydroxypyrene 
concentrations, expressed per mol creatinine, may vary during the day. The 
evening urine samples had a slightly higher concentration than the morning 
samples. Zhao and co-workers (1992) also reported an increase, although much 
higher, in urinary 1 -hydroxypyrene concentration towards the evening, indicating a 
strong variation of pyrene metabolism and/or pyrene intake during the day. 
Contradictory results on the time-dependency of urinary 1-hydroxypyrene 
excretion were found in several other studies (Alvarez 1990, Buckley and Lioy 
1992). In the present study, the adjustment of the 1-hydroxypyrene concentration 
with the creatinine concentration might have biased the time-effect in urinary 1-
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hydroxypyrene excretion. Because the creatinine concentration in the morning, 
afternoon and evening urine samples was in average 15.5, 14.0 and 11.5 rnmol/1, 
respectively, and was significantly lower in the afternoon and evening samples 
than in the morning samples (see table 8). It is concluded that for the group under 
study, the 1-hydroxypyrene excretion is rather constant during the day. 
Because the possible unreliability of urinary creatinine as a parameter to adjust the 
1-hydroxypyrene concentration, the multiple regression analysis (as presented in 
table 6) was repeated with the uncorrected mean 1-hydroxypyrene concentration 
in urine (expressed as nmol/l). It resulted in a regression model in which both 
active smoking and passive smoking determined the 1-OH-pyrene concentration 
significantly (p<0.001). The effect of dietary pyrene intake was less clear 
(p = 0.09), in comparison with the results presented in table 6. The quetelet index, 
age, use of alcohol, the interaction between alcohol consumption and smoking, 
and the pyrene intake through ambient air had no statistically significant effect on 
the uncorrected urinary 1-hydroxypyrene concentration (p>0.30). 
Table 8. Creatinine concentrations in urine per class of volunteers. 
(Median.95% C.I.). 
Class 
1 
2 
3 
4 
total 
N 
12 
27 
13 
24 
78 
Smoking* 
0 
0 
1 
1 
Drinking* 
0 
1 
0 
1 
Creatinine concentration in urine samples (mmolrt) 
Monday morning 
17 .9 (8 5 33 7) 
15 4 ( 6 2-37 7) 
11 8 (4.9-22 61 
15 4 (1 2-43 31 
15.5 11.2-43.3) 
Monday afternoon 
14 5 (9.9-25.11 
13 7 ( 3 8 40 91 
11.6(3.6-20.21 
15.4(4.7-28 31 
14 .0(3 6-40.91' 
Monday evening 
11.0(4.1-21.0) 
14 9 (0 2-40 9) 
10 7 12 6-19 6) 
8 510 2-19 9) 
11 5 ( 0 2-40 9)· 
• 0 = no, 1 =» yes 
' 0=daily average = 0 and Sunday evening s 2 glasses 
1 « dally average > 0. or dally average = 0 and Sunday evening > 2 glasses 
' significantly lower than the creatinine concentration in the morning urine sample (p<0 01) 
In the volunteers who participated in this study smoking and dietary intake were 
the major determinants of total pyrene intake. Passive smoking and the inhalation 
of ambient air are relatively unimportant in total pyrene intake, as stated in earlier 
studies (Jongeneelen et al. 1988a; Scherer et al. 1992). Meat was the main 
source of dietary pyrene intake (53%). Some of the earlier studies also indicated a 
major contribution of vegetables (LAC 1986, Vaessen et al. 1984), cereals, 
sweets and oils (Dennis et al. 1991; De Vos et al. 1990), because of the relative 
high consumption of these products. In our estimate these food products were 
less important (4-7%) for the dietary pyrene intake. Pyrene intake through fish and 
poultry were neglectable in the studied group of volunteers (<1%). A problem in 
estimating the pyrene content of the food products are the many different 
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procedures and techniques of analysis used in the different studies. This makes 
definite statements about the relative contribution of the main groups of food 
products to total pyrene intake through food consumption difficult. However, the 
range of the estimated total daily pyrene intake through food consumption (3.6 -
23-7 nmol/day) is comparable with the ranges as reported by the Dutch 
Agricultural Advise Committee (LAC 1986): 1.5-10.3 nmol/day, and Vaessen et 
al. (1988): 2.0-25.2 nmol/day. 
The results of this study show that when urinary 1 -hydroxypyrene is used in the 
assessment of exposure to PAH, one should particularly be aware of the fact that 
tobacco smoking and dietary PAH intake have a profound effect on the base-line 
excretion of PAH-metabohtes. 
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Abstract 
In this study the accuracy of the assessment of the contamination of polycyclic 
aromatic hydrocarbons (PAH) on skin of workers based on exposure pad 
measurements is determined The exposure pad is a round monitoring device (0 
60 mm) with a flexible polypropylene filter as adsorbing material (φ 18 mm) 
pasted at six skin sites. 13 Woodpreserving workers and 10 primary aluminum 
workers participated in this study. Pyrene and benzo(a)pyrene were used as 
marker compounds. 
Exposure pads significantly underestimate the contamination on skin as measured 
with skin wipes. Among the wood preserving workers we found in average 2.3-
times more pyrene on natural skin (95%CI: 1.2 - 4.2, N = 13) than on the 
exposure pads. For the aluminum workers this skm/pad-ratio was of the same 
order of magnitude (1.7, 95%CI: 1.1 - 2.5, N = 10*2). The skm/pad-ratio for 
benzo(a)pyrene was in average 4.8 (95%CI: 2.8 - 8.1) and significantly higher 
than the ratio for pyrene (p<0.001). Moreover, the estimate of the pyrene 
contamination on the total body surface based on exposure pads at six different 
skin sites was in average 4.5-times lower than the contamination as measured 
with a full body coverall (95%CI: 2.5-7.9, N = 7). 
This study shows that the method for a quantitative assessment of dermal skin 
contamination, based on six exposure pads, systematically underestimates the 
contamination on total skin. Despite the low precision of this assessment, this 
method appears useful to distinguish workers, work locations and work 
environments in terms of dermal PAH contamination, because of the strong 
variation in dermal PAH contamination measured among workers of several work 
environments. 
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Introduction 
In occupational hygiene emphasis is historically placed on surveillance of air 
concentrations of toxic compounds. This reliance on airborne concentrations is 
due to the fact that respiratory-intake of toxic substances has appeared to be a 
main problem. The dermal uptake of chemicals has received comparatively little 
attention in the past, probably because the limited awareness that many chemicals 
can be absorbed through skin in hazardous amounts, and the complexity of dermal 
exposure assessment. 
The application of pesticides, however, has been recognized as a major skin 
hazard for more than 30 years. Dermal exposure to pesticides is therefore far 
better characterized than dermal exposures to non-pesticides. Several approaches 
have been developed to assess occupational dermal exposure of pesticides "'. 
These approaches include the so-called 'direct methods' that measure the mass of 
contaminant that is actually deposited onto the worker's skin or clothing, and 
'indirect methods' that measure the mass of contaminant on work surfaces, or in 
body fluids (biological monitoring)121. 
Direct methods for defining the deposition on skin or clothing include the use of 
'pseudo-skin' methods (exposure-pads, coveralls, caps and gloves), chemical 
removal methods (skin wipes, liquid rinses) and fluorescent tracer techniques ( 1 7 I . 
Skin exposure measurements have been used in (i) monitoring programmes to 
determine the contamination of chemicals on skin of workers, (ii) as a tool to 
determine the relevance of dermal exposure in relation to respiratory uptake, and 
(iii) as a method for measuring the efficiency of protective clothing. 
High occupational exposure to polycyclic aromatic hydrocarbons (PAH) takes place 
in work environments where coal tars or derived products are emitted, eg. in coke 
ovens, primary aluminum production, wood impregnation, road paving, and among 
roofing workers * 1 0 ' . Epidemiological studies have shown that exposures of coal 
tar volatiles are carcinogenic to humans, giving rise to lung, lip and (non-
melanoma) skin cancer110121. To control occupational exposure in these industries, 
treshold limits values (TLV) of airborne concentrations of coal tar pitch volatiles or 
benzo(a)pyrene are set. However, air sampling of PAH does not take into account 
the contribution of percutaneous absorption to the total exposure of a worker. 
The ability of PAH to penetrate skin is shown in many studies l 1 3 · 1 4 ' . It is reported 
that dermal application of РАН-containing tars on skin of mice induced local 
effects like papillomas and skin carcinomas, but also systemic DNA-damage in 
tissues like lungs and heart ,15'1βι. in healthy male volunteers, a coal-tar ointment 
application on 400 cm2 skin (10 nmol pyrene/cm2, during 6 hours) resulted in a 6 
to 10-fold increase of the urinary 1-OH-pyrene excretion rate l171. 
Although PAH are known to penetrate skin, the application of skin exposure 
assessment techniques in PAH exposure studies is rather limited. Wolff and co­
workers '7' applied a skin wipe technique to determine PAH contamination on the 
forehead during an industrial hygiene survey of roofing workers. We used 
exposure pads, as pseudo skin, pasted at various skin sites. The exposure pad is a 
round monitoring device (φ 60 mm) with a flexible polypropylene filter (Gelmann 
Sciences) as adsorbing material (φ 18 mm). The design of the exposure pad is 
published earlier (SI. Substancial PAH contamination was measured with this 
technique among paving workers ,s', coke oven workers , 1 β ι, primary aluminum 
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workers " 9 I and workers exposed to creosote oil during wood impregnation l2°' (see 
table 1). 
Among coke oven workers , 1 β ι and creosote impregnating workers ,20' exposure 
pads were pasted at six different skin sites to be able to estimate total body 
contamination. However, for a quantitative assessment of PAH contamination on 
natural skin, two aspects need further study: (ι) does the amount on the exposure 
pad reflects the contamination of the neighbouring natural skin, and 00 does the 
measurement of the contamination at six skin sites enables a estimation of total 
body skin contamination? 
In this study we determined whether the exposure pad method enables an 
accurate determination of PAH contamination on skin of workers. 
Study design and methods 
The accuracy of the exposure pad measurements for the assessment of the actual 
total PAH skin contamination is divided in two studies. First, we determined 
whether the amount on the exposure pad reflects the amount on the natural skin. 
Second, we studied the accuracy of the estimate of the whole body 
contamination, based on the exposure pad contamination at six skin sites. 
Exposure pad contamination versus natural skin contamination 
To determine whether the PAH contamination on an exposure pad reflects the 
contamination on neighbouring natural skin, we compared this technique with the 
skin wipe technique, assuming that the skin wipe technique reveals the actual 
contamination on skin. 13 wood preserving workers exposed to creosote and 10 
workers of the pot relinmg department of a primary aluminum plant participated in 
this part of the study. Among wood preserving workers the contamination was 
measured on the right forearm, among the aluminum workers on both the left and 
right forearm. In the wood preserving plant pyrene was used as marker compound 
for dermal PAH contamination, in the aluminum plant both pyrene and 
benzo(a)pyrene (B(a)p) were measured. 
On the ventral side of the forearm two exposure pads were placed: on the wrist 
and the elbow. Between these two exposure pads an area of 40 cm2 ( 1 0 * 4 cm) 
was marked off (see figure 1). Before the experiment took place the marked off 
skin was wiped once with a Kleenex tissue and 1 mL dichloromethane (tissue 1). 
The workers were asked to expose the prepared forearm by keeping it near a PAH 
emission source. After a short but high exposure (15 to 30 mm) the exposure 
pads were removed and the skin in the marked area was wiped two times with a 
Kleenex tissue and 1 mL dichloromethane {tissue 2, tissue 3). Immediately after 
wiping the tissues were put m a brown jar and the exposure pads were packed in 
aluminum foil. Both were stored at 20°C untili analysis. 
Sample preparation and analysis 
A circular piece of the polypropylene adsorbing material of the exposure pad with 
a diameter of 15 mm (1.77 cm2) was punched out and ultrasonically extracted 
with 10 mL dichloromethane during 10 minutes. Under a gentle flow of nitrogen 
(at 35°C) the solvent was evaporated to dryness and the residue was dissolved in 
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Figure t. The sites on the forearm where exposure pads were pasted (a} and the 
skin area where the wipe technique was applied (bf, for the comparison 
of PAH contamination on pads versus naturai skin. 
2 mL methanol. After centrifugation (2000 rpm, 5 minutes) of the sample, the 
supernatant was analysed for B(a)p and/or pyrene with reversed-phase high 
performance liquid chromatography (HPLC). Aliquote (20 pL) of the samples were 
injected fully automatically from vials on a Vydac TP RP-18 column (150*4.6 mm, 
10 pm particles, column temperature 40°C, supplier: Separations Group, 
Hespesia, California USA). The solvent was programmed at a lineair gradient from 
water/methanol (42:58) to (6:94) for 50 min., the solvent flow was 1.0 mL/min. 
The apparatus was equipped with a fluorescence spectrophotometer (Jasco 820-
FP, Spectroscopic co. LTD, Japan). The recovery of pyrene and B(a)p on the pads 
was respectively 92% and 100%. 
The skin wipe tissues were ultrasonically extracted with 50 mL dichloromethane 
during 30 minutes. Under a gentle flow of nitrogen, at 35°C, 10 mL of the solvent 
was evaporated to dryness. The tissues were similarly analysed as the exposure 
pads. The recovery of both pyrene and B(a)p on the tissues was 100%. 
The average exposure pad contamination (ng/cm2) was calculated by taking the 
geometric mean of the amount on the wrist and elbow pad. The average 
contamination on natural skin (ng/cm2) was calculated using the following 
equations: 
0 ) ^exp = Can * С'bef 
where С
вкр
 = pyrene/B(a)p contamination on skin due to exposure (ng/cm2); C^, = 
pyrene/B(a)p contamination on skin after exposure (ng/cm2); CM = pyrene/B(a)p 
contamination on skin before exposure (ng/cm2). 
To be able to calculate C.„ and C^, we first determined the efficiency of the 
applied skin-wipe technique (W„,f). 
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(2) Vt* = (1 - % * 100% 
where C2 = the amount of pyrene/B(a)p wiped off with tissue 2 (ng); Ca = the 
amount of pyrene/B(a)p wiped off with tissue 3 (ng). 
The pyrene/B(a)p contamination before and after exposure was calculated as 
follows: 
о, с
м
-«-Ъ-
ш
- °' * * 100 Wrf wipe area 
(4) С
Л
.Ш. °> 
Wtf wipe area 
where C, = the amount of pyrene/B(a)p wiped off with tissue 1 (ng); wipe area = 
40 cm2. 
Contamination on six exposure pads versus contamination on total body surface 
In previous studies we estimated total body contamination from exposure pads 
pasted at skin sites from six different skin regions ,1β201. in these calculations it 
was assumed that the contamination on each of the six pads represents the 
contamination of a region with a defined surface area (see table 2). The 
percentaged surface areas of the different regions were calculated with the 
anatomical dimensions of the 50-percentile man, as decribed by Popendorf and 
Leffingwell и ". To determine the accuracy of the estimate of the total body 
surface contamination, based on the exposure pad contamination at six skin sites, 
seven wood preserving workers wore a coverall (Tyvek*, a spunbonded olefin 
sheet structure of 100% polyethylene), on which we pasted six exposure pads at 
different sites: the jaw, the upper arm, the wrist, the shoulder, the groin and the 
ankle (see figure 2). The coverall on which the exposure pads were pasted, was 
worn underneath the normal working clothes, during a 8-hours workshift. The 
contamination on the coverall is assumed to be a good measure for total body 
surface contamination. Immediately after the workshift the exposure pads and the 
coveralls were collected by field staff wearing disposable gloves to avoid cross-
contamination. The coveralls and pads were packed in aluminum foil and stored at 
-20°C until analysis. Pyrene was used as marker compound. 
* Tyvek is a registered trademark of DuPont 
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Table 2. The area of the coverall that each exposure pad is assumed to 
represent. 
skin site 
of exposure pad 
jaw/neck 
shoulder 
upperarm 
wrist 
groin 
ankle 
skin region 
head 
neck 
shoulder 
back 
chest 
upperarms 
forearms 
hands 
hips 
thights 
calves 
feet 
% of total 
body 
4.2 
28.2 
7.8 
12.4 
29.2 
18.4 
area' 
coverall 
area lem') 
1260 
8460 
2340 
3720 
8760 
5520 
• adapted from Popendorf and Leffingwell '2" 
' coverall area - total coverall area I30000 cm') ' (% of total body areal 
Figure 2. The sites on the coverall where exposure pads were pasted for the 
determination of total body surface PAH contamination. 
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For the estimation of the total coverall contamination based on the six exposure 
pads, the area of a region, that each pad is assumed to represent, was calculated 
by multiplying the percentaged surface area with 30000 cm2, which is the total 
surface area of the coverall (see table 2). The estimated pyrene contamination on 
the coverall fo/g/8 hour shift) based on the contamination on six exposure pads is 
calculated as follows: 
β 
Σ (X¡ * вг в) 
(5) Estimated contamination on coverall = -^ 
1000 
where X, = amount of pyrene on exposure pad pasted on coverall at region, 
(ng/cm2); area, = area of region, (cm2). 
For the determination of the actual contamination on the coverall we used the 
pyrene concentration of the extract of the entire coverall, corrected for the 
recovery. 
To be able to compare the actual coverall contamination, as measured with a 
polyethylene coverall, and the estimated coverall contamination, as measured with 
polypropylene exposure pads, we studied the PAH adsorption characteristics of 
these materials. Therefore three pieces (1.77 cm 2) of the coverall, surrounding the 
exposure pad on both the jaw and wrist, were punched out. The average pyrene 
contamination of the three coverall pieces was compared with the pyrene 
contamination on the exposure pad. 
Sample preparation and analysis 
The extraction and analysis of the exposure pads has been described. Pieces of 
the polyethylene coverall were extracted and analyzed in the same way. The 
entire coverall was extracted for one hour on a shaker table and ultrasonically 
extracted for 30 minutes with dichloromethane (2500 mL). The solvent (5mL) was 
evaporated and handled the same way as the extract of the exposure pads. The 
recovery of pyrene from the coverall was 86%. 
Statistical analysis 
Exposure variables are presented with the median or geometric mean, because 
these measures of central location are more representive for a skewed distribution 
of data than the arithmetic mean. The systematic error of measurement is 
determined by calculating the geometric mean of the ratio 'true'/measured value. 
The results from the skin wipes and the coverall measurements are considered 
'true values', the results of the exposure pad measurements are the 'measured 
values'. The random error of measurement, expressed as a percentage, is 
calculated by multiplying the standard deviation (SD) of the mean log-transformed 
ratio of 'true'/measured value with 100%. The 95% confidence interval (95%CI) 
of the systematic error of measurement is determined with the standard error of 
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the mean (SEM) of the log-transformed ratio. Depending on the normality of the 
data, either the paired t-test or the Wilcoxon signed rank test was applied to 
determine the significance of the differences of means. Statistical analyses were 
performed with the SAS computer software package, version 6.06. 
Results 
Exposure pad contamination versus natural skin contamination 
To determine the actual PAH contamination on natural skin, we applied a skin 
wipe technique. The efficiency of this skin wipe technique was 62% for pyrene on 
skin of the creosote workers (median value, range: 13.7-75.5, N = 13), and 48% 
for pyrene on skin of the aluminum workers (range: 4.2 - 78.9%, N = 10*2). The 
wipe efficiency for B(a)p on skin of the aluminum workers was also 48% (7.1-
77.8%, N = 10*2). The strong variation in efficiency of the skin wipes might be 
caused by differences in skin structure and appendages of workers, and by 
differences in the technique of wiping between field staff members, although only 
two, both well instructed, were involved. 
Table 3. Pyrene contamination fng/cm2) on exposure pads pasted on forearm skin 
(wrist and elbow) and the actual skin contamination on the forearm skin 
of 13 wood preserving workers. 
personal 
code 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Geometric mean 
95%CI of mean 
pad 
contamination • 
IA) 
2 9 
2.9 
5 9 
3 6 
2 Θ 3 
4 7 
4.8 
6 1 
5 1 
4 0 
1 6 9 
3 0 3 
2 5 
skin 
contamination * 
IBI 
6 0 
3 5 
8 6 
4 0 
389 4 
36 5 
1 7 0 
30 7 
20 1 
2 2 
26.4 
1 3 6 
9 1 
ratio B/A 
2 1 
1 2 
1 5 
1 1 
1 3 8 
7 8 
3 5 
5 0 
3 9 
0 6 
1 6 
0.5 
3.6 
2 3 
1.2-4 2 
geometric mean of pyrene contamination on the exposure pads (N = 2) 
determined with the skin wipe technique, applied on 4 0 cm' skin between the wrist 
and elbow pad 
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Table 3 and table 4 present the results of the exposure pad measurements and 
skin wipes. For both the wood preserving workers and primary aluminum workers, 
it was found that exposure pads significantly underestimate the actual pyrene 
contamination on skin (p=0.02 and ρ = 0.01, respectively). Among the wood 
preserving workers we found in average 2.3-tirnes more pyrene on natural skin 
(geometric mean, 95%CI: 1.2 - 4.2, N = 13) than on the exposure pads. For the 
aluminum workers this skin/pad-ratio was of the same order of magnitude 
(geometric mean: 1.7, 95%CI: 1.1 - 2.5, N = 10*2). The random measurement 
error was 100% and 82%, respectively. When the comparison between the 
exposure pads and natural skin is made for B(a)p we also found an significant 
underestimation (p = 0.0001, N = 10*2). The skin/pad-ratio for B(a)p was in 
average 4.8 (geometric mean, 95%CI- 2.8 - 8 . 1 , N = 10*2) and significantly 
higher than the ratio for pyrene ( p < 0 . 0 0 1 , N = 10*2). The random measurement 
error was 112%. 
Contamination on six exposure pads versus contamination on total body surface 
The results of the exposure pad measurements illustrate the strong variation m the 
dispersal of the pyrene contamination over the six sites where the pads were 
pasted, between the workers (table 5). The strong variation in dispersal of the 
pyrene contamination is probably caused by varying work activities and 
differences in occupational hygiene between the workers. 
Table 5 shows that the actual pyrene contamination on the coverall varies 
between 337 and 2004 //g/day. The estimation of the coverall contamination 
based on the six exposure pads ranges between 62 and 804 μ$ pyrene per day. 
This is in average 4.5-times lower than the actual contamination as measured with 
the coverall (geometric mean, 95%CI 2.5-7.9, N = 7). The random measurement 
error ( = precision) was 62%. The underestimation of the actual coverall 
contamination is not caused by adsorption differences between polypropylene 
exposure pad and the polyethylene coverall. The ratio (pad contamination)/(mean 
of the three coverall punches), was in average 0.9 (geometric mean, 95%CI: 0.7 -
1.1, N = 7*2, data not shown) and not significantly different from 1 (p = 0.3). 
Discussion 
Results of previous measurements , s 1 f r 2 0 > of dermal PAH exposure by using 
exposure pads are presented in table 1. It shows that there is a high variability in 
pad contamination between work location/environments, workers with comparable 
work activities, and between skin sites. In all work environments it was even 
found that exposure pads which were pasted underneath protective working 
clothes were contaminated with pyrene (up to 75 ng pyrene /cm2), probably 
caused by either direct contact with contaminated working clothes, or deposition 
from contaminated air that is sucked between skin and clothing l70>. Apparently, 
the exposure pad measurements enable us to distinguish skin sites, work locations 
and work environments in terms of dermal PAH contamination. In a previous study 
it is also shown that the efficiency of protective clothing can be measured with 
the exposure pad assessment technique m\ 
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For a quantitative assessment of dermal PAH contamination, however, the present 
study shows that the method for dermal exposure assessment based on six 
exposure pads is very inaccurate. Firstly because the method systematically 
underestimate the total pyrene contamination on the natural skin, secondly, 
because of the low precision of the measurements. The systematic 
underestimation is a result of the extrapolation from pad contamination to natural 
skin contamination (a factor 2 for pyrene, a factor 4.8 for B(a)p), and the 
extrapolation from six pads to the contamination on the total body surface (in 
average a factor 4.5). 
That exposure pads underestimate the PAH contamination on natural skin might 
be caused by differences in adsorption due to for example the lipophilic nature of 
skin, or its appendages. The underestimation appears to be independent from the 
type of work environment, because among woodpreserving workers it was a 
factor 2.3, among aluminum workers in the pot relining department it was 1.7. 
Among the aluminum workers the underestimation for B(a)p was significantly 
higher than for pyrene, supporting the assumption that differences in adsorption 
are a result of differences in lipophility. That the estimate of the contamination on 
the total body surface of a wood preserving worker based on six exposure pads is 
4.5 times lower than the actual contamination, is probably a result of a 
misjudgement of the body area that each pad is assumed to represent (see table 
2), or the site where the pad is pasted. 
The random measurement errors found in the two studies are high. When 
extrapolating from six exposure pads to the contamination on the total body 
surface, the precision of the measurement, expressed as a coefficient of variation, 
was 62%. The random measurement error in the study in which we combined 
exposure pad measurements with skin wipes was even higher: approximately 
100%J These high random measurement errors should be interpretated with care, 
because they are not only caused by the inaccuracy of the method of 
determination of dermal PAH contamination with exposure pads, but also by the 
unaccuracy of the skin wipe technique and the coverall measurements, which are 
assumed to reveal the 'true' skin contamination and 'true' total body surface 
contamination, respectively. Especially the strong variation in wipe efficiency for 
both pyrene and B(a)p, but also the analytical variation and the variation in the fit 
of the coverall between the workers, are factors that increased the random 
measurement error. 
The unequal dispersal of the PAH contamination on skin is probably the main 
source of random measurement error when estimating the total skin contamination 
based on the contamination measured with six exposure pads. Due to the strong 
inter-day variation in PAH contamination on exposure pads as measured in 
previous studies (geometric SD = ± 2, see table 1), and the strong inter-
individual variation in total coverall contamination measured in the present study 
(geometric SD = 2.4, see table 5), it is concluded that the random error of total 
skin contamination measurements probably has a limited effect on the dispersal of 
the results. 
This study shows that the method for a quantitative assessment of dermal skin 
contamination, based on six exposure pads, systematically underestimates the 
contamination on total skin. Despite the low precision, this assessment method 
appears useful to determine total PAH contamination on skin of workers. These 
results illustrate the need for more validation studies of skin exposure 
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measurement techniques Even in skin monitoring of pesticides which has been 
conducted routinely over the past thirty years, validation received little interest in 
the past. This is probably due to the fact that there are no standard techniques for 
skin exposure assessment and that accurate validation techniques are lacking. The 
applied validation techniques in this study are not precise, but useful to estimate 
the bias m skin exposure assessments in which exposure pads are used. 
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Abstract 
A metabolite of pyrene in urine, 1-OH-pyrene, has been proposed as biological 
marker in studies of exposure to polycyclic aromatic hydrocarbons (PAH). 
However, the effect of interíndividual variability in pyrene metabolism in man is 
unknown. An assay with human hair follicles as biopsy material, is presented to 
identify factors that cause interíndividual differences in 1-OH-pyrene formation. 
After 23 hours of incubation in 0.15 mM pyrene test medium, the mean 1-OH-
pyrene formation in 10 hair follicles varied between 0 16 and 4 07 pmol/^/g DNA, 
or 0.05 and 2.55 pmol/hair follicle (N = 16, 63 measurements). Mixed model 
analysis of variance of the results showed that smokers have about 1.5-fold 
higher 1-OH-pyrene formation in hair follicles than non-smokers (p = 0.01), that 
males have about 2-fold higher 1-OH-pyrene formation in hair follicles than 
females (p<0 001), and that the 1-OH-pyrene formation in hair follicles in March 
is three-fold lower than in July (p<0.001). It is concluded that human hair follicles 
can be used as biopsy tissue to test interíndividual differences in 1-OH-pyrene 
formation 
Introduction 
Polycyclic aromatic hydrocarbons (PAH) are widely distributed in the environment. 
Exposure to PAH may occur due to smoking (IARC 1986), occupation (Björseth 
and Becher 1986), polluted air (IARC 1983), food consumption (Vaessen et al. 
1988) and medication (Clonfero et al. 1989). The International Agency for 
Research on Cancer stated that there is sufficient evidence that 11 PAH are 
carcinogenic to experimental animals (IARC 1983). 
Jongeneelen and co-workers (1987b) developed a biological monitoring method 
for the measurement of the internal PAH exposure. In this method urinary 1-OH-
pyrene, a major metabolite of pyrene is used as biological marker. This method 
has already been used in various PAH exposure studies: exposition through food 
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(Buckley and Lioy 1992), environmental tobacco smoke (Scherer et al. 1992), 
outdoor air (Zhao et al. 1992), occupation (Buchet et al. 1992, Jongeneelen et al. 
1988a, 1988b, 1988c, 1990; Tolos et al. 1990, VanRooij et al. 1992, 1993a, 
1993b), medication (Clonfero et al. 1989) and exposition of recreative 
watersporters (Van de Weerdt and Jongeneelen 1991). 
Recently we found that smoking and dietary intake of PAH have a significant 
effect on the base-line excretion of 1-OH-pyrene in urine (publication in 
preparation). It is unclear whether this is caused only by differences in PAH intake 
or that differences in distribution, excretion, or metabolism play a role. It is very 
likely that differences in metabolism have a major effect on urinary 1-OH-pyrene 
excretion. In a previous study large interindividual differences in Km and Vm „ of the 
hydroxylation of pyrene were found in human 9000* g liver supernatant 
(Jongeneelen 1987a). 
Many other studies, using benzo(a)pyrene as marker compound, revealed strong 
interindividual variation in PAH metabolism, measured in various tissues and 
celltypes (Cohen et al. 1979, Kuroki et al. 1982, Autrup and Harris 1983, Moore 
and Gould 1984, Cunningham étal . 1989, Hall and Grover 1988, Hall éta l . 1989, 
Harris 1989, Lehman et al. 1989, Autrup 1990, Gonzalez and Gelboin 1991, 
Guengerich and Turvy 1991). Most studies foccussed on aryl hydrocarbon 
hydroxylase (АНН), a microsomal cytochrome P450-dependent monooxygenase, 
which is involved in the metabolic activation of PAH. Although many forms, both 
constitutively expressed as well as inducible forms, of cytochrome P450 in human 
liver are involved in the metabolism of benzo(a)pyrene, the sub-families P450I and 
P450IIA are mainly associated with this activity (Hall et al. 1989). Autrup and 
Harris (1983) reported that the magnitude of interindividual variation in the ability 
to activate benzo(a)pyrene observed in different organs ranges between 50- to 
150-fold. 
Several factors which may cause interindividual variation in PAH metabolism in 
humans have been reported in literature, e.g.: genetic factors (Okuda et al. 1977, 
Nebert et al. 1978, Gonzalez and Gelboin 1991), gender (Pfeil et al. 1984, Moore 
and Lamartiniere 1990), smoking (Oesch et al. 1980, Kouri et al. 1982, Petruzelli 
et al. 1988, Sesardic et al. 1990), diet (Buening et al. 1981), medication (Merck 
et al. 1987a, Pavanello and Levis 1992). The effect of these factors on PAH 
metabolism appears to vary between tissues (Sesardic et al. 1990). Schmucker et 
al. (1990) found no effect of gender on PAH metabolism in human liver 
microsomal monooxygenases. Contradictory results are reported about the effect 
of smoking on human PAH metabolism. Bluhm (1991) could not detect significant 
induction of ethoxycoumarin O-deethylase and epoxide hydrolase, in lung tissue of 
smokers. Other groups also reported that cigarette smoking does not result in 
stimulation of monooxygenase activity in human lungs or livers (Prough et al. 
1979, Vähäkangas et al. 1983). 
The identification of factors that cause interindividual differences in PAH 
metabolism is difficult. Due to strong interspecies differences in PAH metabolism, 
measured in various tissues, only human biopsy tissues or biological markers in 
body fluids appear to be useful. In addition, the effect of factors on the 
interindividual variability varies strongly between the various tissues and cells. 
Human hair follicles have been suggested as a convenient biopsy tissue for the 
screening of interindividual differences in PAH metabolism (Hukkelhoven et al. 
1982, Merk et al. 1987b, Alexandrov et al. 1990), because: (i) A hair follicle is 
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easy obtainable without the use of invasive techniques, (n) hair follicles are able to 
activate and metabolize benzo(a)pyrene (Vermorken et al. 1979, Hukkelhoven et 
al. 1983b, Merk et al. 1987a), and (m) the respons of benzo(a)pyrene metabolism 
in cultured hair follicle keratinocytes towards pre exposure to PAH is comparable 
to that in cultured epithelial cells of the human bronchus, a main target tissue for 
РАН-induced neoplasia (Hukkelhoven et al. 1983b). 
The aim of this study is to investigate whether human hair follicles can be used as 
biopsy tissue to test intermdividual differences in pyrene hydroxylation. 
Study design and methods 
Measurement of pyrene hydroxylation in human hair follicles 
For the measurement of intermdividual differences in pyrene hydroxylation in hair 
follicles, the method as published by Alexandrov et al. (1990) was modified. They 
developed a fluorometnc assay for the metabolism of {-)-7,8-dihydroxy-7,8-
dihydrobenzo[a]pyrene in human hair follicles. 
Ten hair follicles were plucked from the scalp of volunteers, and only those with 
visible bulb and sheath were used. The hair follicles were cut off above the sheath 
at a length of approximately 1 cm and submerged in Dubelcco's modified eagle 
medium (Gibco) which was supplemented with 2 mM L-glutamme (USB), 10 U/ml 
penicillin (Gist-Brocades), 10 μς/πηΙ streptomycin (Biochem), 10% newborn calf 
serum (heat inactivated; 56 °C for 30 mm; Gibco), 10//g/ml fungizon (SQUIBB), 
1% non-essential amino acids (Gibco), 2 mM NADPH (USB) and 3 mM 
magnesiumchlonde (BOOM BV). NADPH was added because Merck et al. (1987a) 
reported a stimulation of АНН activity by NADPH. 
Within a period of 1 hour after plucking the hair follicles were washed in medium 
and transferred to 1 5-ml Eppendorf reaction vials containing 150 μ\ of the test 
medium: standard medium with pyrene (Serva; 1.0 mg/ml in methanol) at a final 
methanol concentration of 3% (v/v), which is equivalent with 0.15 mM pyrene. 
This methanol concentration was found to be non-toxic for hair follicles 
(Alexandrov, 1990). The hair follicles were completely submerged. The hair 
follicles were exposed to the test medium for 23 hours at 37°C in a humid 
atmosphere (95-100%) containing 5% C02. The incubations were stopped by 
removing the hair follicles from the vial. The test medium was analysed for 1-OH-
pyrene, the hair follicles for the DNA content. 
For the determination of both free and conjugated 1-OH-pyrene in the medium, an 
enzymatic hydrolysis was applied To 50 μ\ of the test medium 12.5 μ\ enzyme 
solution was added. The enzyme solution was prepared from 4 volumes 0.1 M 
acetate buffer (pH=4.9) and 1 volume u-glucuronidase (100.000 Fishman U/ml) / 
arylsulfatase (800 00 Roy U/ml) solution (Boehnnger). After an incubation at 37°C 
during 4 hours, the hydrolysis was stopped by adding 100μΙ cold acetone. After 
cooling down to 20°C, the solution was centrifuged at 13000 rpm to spin down 
the precipitated proteins, and the supernatant was injected into the HPLC system. 
For the determination of only free (unconjugated) 1 -OH-pyrene, 50 μ\ of the test 
medium got a comparable treatment, with the only difference that the incubation 
took place in acetate buffer without enzymes. 
The analyses of 1-OH-pyrene in the samples were performed on a HPLC system 
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consisting of a Varían 9010 pump, a Varían 9095 autosampler equipped with a 20 
μ\ injection loop and a Jasco fluorescence detector. 1-OH-pyrene was separated 
using a LiChroCart 4-4 pre-column and a LiChrocart 125-4 column (Merck), both 
filled with LiChrospher 100 RP-18 (5 //m; Merck). The pyrene metabolite was 
eluted with a aqueous solution of 64% methanol (LabScan) from 0 to 5 min, 
followed by a lineair gradient in 10 min to 94% methanol, at a flow rate of 1.0 
ml/min. Finally, from 20 to 25 min, the eluens composition returned to 64% 
methanol. Column temperature was kept at 40°C. Column effluents were 
monitored at 388 nm (excitation wavelength: 242 nm). The metabolite was 
quantified by comparing the peak area with 1-OH-pyrene standards (Janssen 
Chimica) in medium, which also passed the incubation and hydrolysis. 
For the determination of the DNA content of hair follicles, the ten hair follicles 
were immersed in a reaction vial containing 200 μ\ pronase solution (0.5 mg/ml in 
Hepes-buffer, containing 0.01 M NaCI and 0.005 M Hepes, pH = 7.0) and 50 μ\ 
BSA solution (0.1 mg/ml in water) and incubated for 60 min at 37°C. After 
incubation, 1 ml of a DAPI (4',6-diamidine-2-phenylindoledihydrochloride) solution 
(468 ng/ml in Hepes-buffer) was added to 100 μ\ sample. After mixing each 
sample carefully, the fluorescence was measured at 454 nm (excitation 
wavelength 372 nm). Duplicate herring sperm DNA standards were prepared by 
incubating 0, 10, 20, 30, 40 and 50 μ\ of a DNA standard solution (0.25 mg/ml) 
with 200 μΙ pronase solution and respectively 50, 40, 30, 20, 10 and 0 μ\ BSA 
solution. Pronase, BSA (Albumine fraction V), DAPI and herring sperm DNA were 
purchased from Boehringer, Germany. 
Human volunteer study 
In total 16 volunteers participated in a pilot-study for the determination of both 
the inter- and intraindividual differences in 1-OH-pyrene formation in hair follicles. 
None of the volunteers were occupational^ exposed to PAH. Personal 
characteristics of the volunteers are listed in table 1. Experiments were carried out 
in March and July of 1993, because Alexandrov et al. (1990) reported strong 
variation in hair follicle metabolism during the year. For each measurement we 
plucked 10 hair follicles from the scalp of the volunteers. Up to 4 replicate 
measurements per volunteer were carried out to increase the reliability of the 
measurements (see table 1 ). 
Statistical analysis 
The reliability of a single measurement of 1-OH-pyrene formation in 10 hair 
follicles was defined by applying the following equation (Fleiss 1986): 
R = ST2 / (ST2 + S.2) 
where ST2 = an unbiased estimator of variance due to error-free variability among 
subjects; Se2 = an unbiased estimator of variance due to random error (Se is also 
referred to as the standard error of measurement). 
The reliability of the mean of several replicate measurements on a subject is based 
on the following equation (Fleiss 1986): 
Rm = m · R/ (1 + (m - 1) * R) 
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where m = the number of independent replicate measurements; R = the reliability 
of a single measurement. 
Table 1. Personal characteristics of volunteers participating in this study, and the 
month in which measurements took place. 
personal 
code 
A 
В 
С 
D 
E 
F 
G 
H 
1 
J 
к 
L 
M 
N 
0 
Ρ 
• 
b 
m -
no — 
gender' 
m 
m 
m 
m 
m 
m 
m 
m 
( f 
f 
f 
f 
f 
f 
f 
male, f -
' smoking 
ve$ 
yes 
yes 
ves 
no 
no 
no 
no 
ves 
yes 
yes 
yes 
no 
no 
no 
no 
female 
< 5 glasses/week, yes -
alcohol 
useb 
yes 
no 
ves 
ves 
no 
ves 
no 
no 
yes 
no 
ves 
ves 
yes 
no 
no 
no 
age 
(years) 
20 
22 
32 
37 
29 
21 
26 
25 
31 
26 
23 
41 
23 
25 
23 
36 
£ 5 glasses/week 
length 
(m) 
1 82 
1 86 
1 78 
1 70 
1 86 
1 90 
1 73 
1 87 
1 75 
1 61 
1 60 
1 72 
1 76 
1 73 
1 65 
1 74 
weight 
(kgl 
84 
77 
76 
58 
85 
72 
65 
80 
60 
57 
60 
66 
61 
59 
71 
62 
month of measurement 
March 1993 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
I n - 4 ) 
I n - 4 1 
(n = 4| 
( n - 4 1 
I n - 4 ) 
( n - 4 | 
I n - 4 1 
( n - 4 ) 
( n - 4 1 
( n - 4 ) 
( n - 4 1 
July 1993 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
( n - 3 ) 
( n - 1 1 
I n - 2 1 
( n - 4 1 
( n - 4 | 
( n - 4 ) 
( n - 3 ) 
( n - 4 ) 
( n - 4 ) 
A mixed model analysis of variance (ANOVA) was applied to study the fixed effect 
factors smoking, gender, use of alcohol, month of measurement and the random 
effect factor person on the results of the measurements. Additional least square 
means of the 1-OH-pyrene formation (and DNA content) in hair follicles were 
calculated to clarify the effect of smoking habits, gender, alcohol and month of 
experiment on the results. 
Results 
The method of measurement used in this study was adapted from the method 
reported by Alexandrov et al. (1990). We not only measured a different substrate 
(pyrene instead of (-)-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene), but also used 
more hair follicles (10 instead of 3 hair follicles), introduced an enzymatic 
hydrolysis for deconjugation of metabolites, and added a DNA-assay to the 
protocol, because the amount of DNA is thought to be a more accurate measure 
for metabolic active hair follicle cells than the number of hair follicles. 
An enzymatic hydrolysis was neccesary to liberate conjugated 1-OH-pyrene. In 
average 71 ± 16% of the total 1-OH-pyrene in the test medium was in the 
unconjugated form (arithmetic mean ± standard deviation). In addition, this 
ezymatic hydrolysis was thought to reduce the variation in results of the 
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measurement, because of the strong inter- and intraindividual variation in the 
percentage of unconjugated 1-OH-pyrene of the total 1-OH-pyrene formation (ST2 
was 53, Se2 was 188). In a preliminary experiment with 25 hair follicles of three 
volunteers, in which we followed the 1-OH-pyrene formation in time, it was found 
that the rate of 1 -OH-pyrene formation decreases after an incubation period of 10 
- 15 hours (see figure 1). Despite the non-linearity in 1-OH-pyrene formation, we 
incubated 10 hair follicles during 23 hours, in order to obtain detectable amounts 
of 1-OH-pyrene. 
Figure 1. The formation of 1-OH-pyrene in 25 hair follicles (pmol/hair follicle) 
versus incubation time, measured in three volunteers (person B: +—+; 
person £ . · · - · ; person Ν: •-•Λ 
1-OH-pyrene formation (pmol/hair) 
10 15 20 25 
incubation time (hours) 
Reliability of the measurement of 1-OH-pyrene formation in hair follicles 
Based on 63 measurements among 14 volunteers the reliability of the 
measurement of 1-OH-pyrene formation in 10 hair follicles was calculated. The 
reliability of the measurement was 0.90, when the calculations were based on the 
total 1-OH-pyrene formation expressed as pmol/hair follicle. When based on the 
total 1-OH-pyrene formation expressed as pmol/^g DNA, the reliability was 
comparable (R = 0.89). The variance due to error-free variability among subjects 
was 1.11, the variance due to random error was 0.13 (thus a standard error of 
measurement of 0.37 pmol///g DNA). 
The reliability of the measurement of unconjugated 1-OH-pyrene formation was 
comparable. Apparently did the determination of DNA-content of the hair follicles 
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and the enzymatic hydrolysis of conjugated metabolites not result in a more 
reliable measurement of 1-OH-pyrene formation in hair follicles. However, 
enzymatic hydrolysis results in an increase of measurable 1-OH-pyrene in the test 
medium, through which subjects with a free 1-OH-pyrene formation below the 
detection limit still can be measured (e.g. person M,N and P). 
Figure 2 illustrates that the reliability of the measurement of 1-OH-pyrene 
formation in hair follicles increases from 0.89 to 0.97, when instead of a single 
measurement, the mean of four replicate measurements, carried out on one 
volunteer, is taken. This increase is important because it means that the 
intraindividual variation is reduced in comparison with the interindividual variation 
through which the measurements become a more sensitive tool for the 
identification of factors that influence differences in 1-OH-pyrene formation 
between subjects. The Pearson correlation coefficient between the 1-OH-pyrene 
formation expressed in pmol/hair follicle and the 1-OH-pyrene formation in pmol///g 
DIMA was 0.78 (N = 63). 
Figure 2. Reliability of the measurement of total 1-OH-pyrene formation in 10 hair 
follicles as a function of the number of replicate measurements. 
0.96 
0.92 
0.88 
7 10 13 16 19 22 
number of measurements per person 
25 
Interindividual differences in 1 -OH-pyrene formation in hair follicles 
In table 2 the results of the measurements among the 16 volunteers are listed. 
Each volunteer is classified on smoking habits and gender. The arithmetic mean 
and standard deviation is given of replicate measurements carried out in March 
and/or July 1993. The table shows strong variation in 1-OH-pyrene formation 
between the volunteers. In two of the 16 volunteers, no 1-OH-pyrene formation 
could be detected (person К and L), probably because of a low number of hair 
follicle cells as reflected in the low DNA content (see table 2). The mean total 1-
OH-pyrene formation in 10 hair follicles after an incubation of 23 hours, varied 
between 0.16 and 4.07 pmol///g DNA, or 0.05 and 2.55 pmol/hair follicle. The 
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average amount of DNA per hair follicle showed also a strong variation between 
the volunteers (range 0.05 - 1.03 pg DNA/hair follicle). 
Mixed model ANOVA was carried out to study the effect of smoking, gender, 
alcohol use and month of measurement on the results of the measurements. Table 
3 shows the least square means and standard error of DNA content and total 1-
OH-pyrene formation in hair follicles per variable. The given p-value is calculated 
with the mixed model ANOVA and indicates the statistic significance of the effect 
of each variable on the results. If ρ ^ 0.05 than the variable is assumed to have a 
statistically significant effect on the results of the measurement. 
Table 3. The effect of smoking, gender, alcohol use and month of measurement 
on DNA content and 1-OH-pyrene formation in hair follicles after 23 
hour incubation with 0.15 pM pyrene". 
Variable DNA content Total 1 OH pyrene formation 
Smoking 
Gender 
Alcohol 
Month 
no 
yes 
ρ value 
male 
female 
ρ value 
< 5 glass /week 
г 5 glass /week 
ρ value 
March 
July 
ρ value 
U/gmair 
0 39 
0 54 
0 3 1 
0 55 
0 38 
0 28 
0 55 
0 38 
0 32 
0 46 
0 47 
0 86 
I Oil 1 
± 
± 
± 
± 
± 
± 
± 
± 
0 03 
0 03 
0 03 
0 03 
0 03 
0 03 
0 02 
0 04 
(pmol/hair 
0 70 
1 33 
0 07 
1 32 
0 71 
0 07 
1 18 
0 83 
0 52 
0 62 
1 41 
0 0001 
loll 
* 
± 
± 
± 
± 
± 
± 
± 
0 06 
0 06 
0 07 
0 06 
0 05 
0 07 
0 05 
0 09 
(pmol///g DNA) 
1 66 
2 42 
0 01 
2 56 
1 52 
0 001 
2 20 
1 87 
0 35 
1 03 
3 04 
0 0001 
± 0 09 
± 0 08 
± 0 10 
± 0 09 
± 0 08 
± 0 10 
± 0 07 
± 0 13 
the least square mean ± standard error and the mixed model ρ values are given 
The effects of smoking, gender and month of measurement on the total 1-OH-
pyrene formation in hair follicles are highly significant, when the formation is 
expressed as pmol///g DNA (ρ ¿ 0.01). When the 1-OH-pyrene formation in hair 
follicles is expressed in pmol/hair follicle the effect of smoking and gender is less 
clear (p = 0.07 and ρ = 0.07 respectively). Alcohol use had no significant effect on 
1-OH-pyrene formation in hair follicles (p>0.35). Comparable results were found 
when the results of the measurement of only the unconjugated 1-OH-pyrene 
formation were analysed in the mixed model ANOVA (results not shown). Neither 
smoking, nor gender, alcohol use and month of measurement had a significant 
effect on the DNA content in hair follicles of the volunteers (p = 0.31, p = 0.28, 
ρ=0.32 and ρ=0.86, respectively). 
In summary, we found with the assay in which we used human hair follicles as 
biopsy material, that smokers have significant higher 1-OH-pyrene formation in 
hair follicles than non-smokers, that males have significant higher 1-OH-pyrene 
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formation in hair follicles than females, and that the 1-OH-pyrene formation in hair 
follicles varies strongly between March and July. 
Discussion 
The excretion of 1 -OH-pyrene in urine is determined by the uptake of pyrene and 
by the hydroxylation capacity of the individual. In order to classify people in terms 
of PAH exposure using 1-OH-pyrene, the pyrene hydroxylation capacity should be 
known In this study we tested whether human hair follicles can be used as a 
biopsy material for the determination of the pyrene hydroxylation capacity. It was 
found that smoking and gender affect the 1-OH-pyrene formation in human hair 
follicles and that the capacity was significantly higher in July than in March. 
Alexandrov et al (1990) who used hair follicles of females to measure the 
metabolism of (-)-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene were not able to 
detect differences between smokers and non-smokers, although they detected 
higher levels of metabolite formation in June than in October. Hukkelhoven and 
co-workers (1984) who measured the formation of phenolic metabolites in hair 
follicles after incubation with benzolalpyrene, also did not find a significant effect 
of smoking. It is very likely that the reliability of their methods of measurement 
was relatively low The reliability of the method of measurement used in this study 
was relatively high, mainly because- (0 pyrene was used as substrate,- pyrene has 
a relatively simple metabolic pathway due to its symmetric structure resulting in a 
relatively constant and high formation of the main metabolite 1-OH-pyrene, (n) 10 
instead of 3 hair follicles were used in the measurements of metabolite formation 
and (HI) replicate measurements of one subject were carried out. Merk et al. 
(1984) found an inducing effect of coal tar-containing shampoo on the aryl 
hydrocarbon hydroxylase (АНН) activity in human hair follicles but did not found 
differences beteen smokers and non-smokers and between males and females. 
This might be caused by the reliability of their method and/or the variation in the 
month in which the hair follicles were collected, although, in a later sudy among 4 
individuals, they reported that АНН activity did not vary by more than 2 0 % over 
the year in 4 individuals (Merk et al. 1987a). 
Although a hair follicle is a rather inaccurate reference value for the amount of 
biologically active tissue, due to the variation in the number of cells per hair follicle 
and phase of development of the hair, our experiments show that 10 hair follicles 
per measurement of 1-OH-pyrene formation result in a reliablility of measurement 
of about 0.90 The determination of DNA-content as a more accurate measure of 
biological cells in hair follicles, as suggested by Hukkelhoven et al. (1981), did not 
improve the reliability when using 10 hair follicles. However, the significance of 
the effect of smoking, gender and month of measurement is higher when the 1-
OH-pyrene formation is expressed per //g DNA instead of per hair follicle 
Whether the presented assay enables the identification of factors that cause 
intenndividual differences in whole body pyrene metabolism will be further 
discussed The discussion is focussed on two aspects: (ι) does the variability in in 
vitro 1-OH-pyrene formation in hair follicles during 23 hours reflects intenndividual 
differences in in vivo dermal pyrene metabolism, (и) do factors that cause these 
intenndividual differences also affect whole-body pyrene metabolism? 
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In vitro 1-OH-pyrene formation in hair follicles versus in vivo dermal pyrene 
metabolism 
Figure 1 shows a reduction in the rate of 1-OH-pyrene formation in hair follicles 
after 1 0 - 1 5 hours of incubation. This means that the extent of 1-OH-pyrene 
formation after 23 hours, as measured in our experiments, is beyond the range of 
linearity. Possible explanations for this non-linearity in 1-OH-pyrene formation after 
10-15 hours are a reduction of the availability of co-factors and/or a decrease of 
the viability of the hair follicle cells. A decrease in viability of the hair follicle cells 
is unlikely, because Alexandrov et al. (1990) did not find a decrease in the rate of 
benzo(a)pyrene metabolite formation during a incubation period of 24 hours, under 
comparable experimental conditions. It is more likely that depletion of co-factors 
after 1 0 - 1 5 hours is the main cause of a decreasing 1-OH-pyrene formation rate 
after 10-15 hours. It is expected that depletion of co-factors does not occur in 
vivo and that in vivo dermal 1-OH-pyrene formation is mainly determined by 
substrate availability and enzyme activity. The results of our experiments are 
probably not biased by mterindividual differences in depletion of co-factors, 
because the higher the rate of 1-OH-pyrene formation, the higher the cumulative 
1-OH-pyrene formation after 23 hours of incubation (see figure 1). Because 
depletion will have a relatively stronger effect on 1-OH-pyrene formation in hair 
follicles with a high content of metabolizing enzymes, it is probably so, that the 
variability in 1-OH-pyrene formation after 10 hours of incubation, in which no 
depletion of co-factors takes place, is even higher than after 23 hours of 
incubation, as measured in our experiments. It is concluded that the variability in 
1-OH-pyrene formation as measured with the presented hair follicles test system, 
reflects the in vivo variability. 
Hair follicle metabolism in relation to whole-body metabolism 
It is generally recognized that skin is an organ capable of performing a variety of 
metabolic functions, including those involved in the metabolism of hormones, 
carcinogens, drugs, and environmental chemicals. Cutaneous metabolic reactions 
include phase I oxidative, reductive, and hydrolytic reactions, and phase II 
conjugation reactions (Kao and Carver 1990). The presence of multiple forms of 
the mixed-function monooxygenase enzymes in the skin have been suggested in a 
number of studies, reviewed by Kao and Carver (1990). 
Despite the metabolic functions in skin, the liver is often seen as the most 
important organ for the in vivo detoxification of foreign compounds (Pelkonen and 
Vähäkangas 1980) because of the distribution of enzymes between the liver and 
non-hepatic tissues, and the higher activity of hepatic enzymes. The distribution of 
cytochrome P450, NADPH-cytochrome С reductase, АНН, ethoxycoumarin 0-
deethylase and epoxide hydrase vary strongly in tissues and between species 
(Vamio and Hietanen 1980, Souhaih-EI Amn et al. 1986). Unfortunately, data on 
the distribution of these enzymes in human tissues are limited Mukhtar and 
Bickers (1981) estimated that in rats the skin represents about 2% of whole body 
АНН activity. The activity of АНН in human liver is about 0.01 nmol/min/mg 
protein and in skin only 0.0002 nmol/min per mg protein (Vamio and Hietanen 
1980). However, this calculation is based on the enzyme activity in whole skin 
homogenates. When assuming that the enzymes in skin are constrained for more 
than 96% to the epidermal layer, as reported by Chapman et al. (1977), which 
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makes up only 2 5-3% of total skin, the real activity of cutaneous АНН is about 
8 0 % of that in the liver (Noonan and Wester 1989) 
Not only the tissue distribution and activity, but also the response to induction of 
the enzymes involved in PAH metabolism varies strongly between the different 
tissues and species (Vaimo and Hietanen 1980). In rat, the induction of АНН in 
liver after topical application of benzo(a)pyrene was about 2-fold, in extrahepatic 
tissues 5-10 fold (Ciaccio and DeVera 1975). In neonatal rat it was found that 
АНН activity in various tissues (including liver) increased after topical application 
of benzo(a)pyrene, but that there was a greater increase of АНН activity in skin. 
Skin represented 2%, 2 1 % and 2 7 % of whole body АНН activity in control rats, 
after topical application of benzo(a)pyrene, and after topical application of aroclor 
1254, respectively (Mukhtar and Bickers 1981). Topical aplication of pyrene 
(1mg/10 g body weight) increased the АНН activity in skin with 139% and in liver 
with 42%, the 7-ethoxycoumarm O-deethylase activity increased 8 8 % and 25%, 
respectively (Mukhtar et al. 1982) That orally administered chemicals may have 
an effect on hair follicle АНН activity was shown by Merk et al. (1987a), who 
reported a more than 9 0 % inhibition of АНН activity after oral administration of 
ketoconazole (200 mg daily for 5 days). In humans, cigarette smoking is found to 
increase АНН activity in alveolar macrophages, and in the placenta of pregnant 
woman, but not in liver (Sesardic et al. 1990). 
Recently, we found that the 1-OH-pyrene formation in P450 1A2 containing V79 
chinese hamster cells, was only 5-10 % of 1-OH-pyrene formation in cells 
expressing P450 1A1. In this experiment the V79 Chinese hamster cell lines were 
incubated with pyrene (50 μΜ) during 4 hours (unpublished results). It is currently 
thought that human 1A1 is predominantly an extrahepatic P450 and there is good 
evidence that it is inducible in extrahepatic tissues by cigarette smoking and PAH 
(Wnghton and Stevens 1992) P450 1A2 is present in human liver at widely 
varying levels, which very probably are regulated by genetic and/or environmental 
factors, such as smoking. Unlike 1A1, 1A2 does not appear to be expressed in 
extrahepatic tissues (Wnghton and Stevens 1992). 
It is concluded that skin, or more specifically the epidermis, may play an important 
role in whole-body PAH metabolism, and that the relative importance of dermal 
metabolism is likely to increase in case of exposure to inducing compounds, 
especially in subjects where the skin is the main port of entry, e.g. cokeoven and 
creosote workers (VanRooij et al 1993a, 1993b). When dermal РАН-metabolism is 
indeed important in whole-body metabolism, it is expected that variability in 1-OH-
pyrene formation as measured in hair follicles, reflects variability in whole-body 1-
OH-pyrene formation and urinary 1-OH-pyrene excretion. Most PAH-exposure 
studies found higher urinary 1-OH-pyrene excretion in smokers (Jongeneelen et al. 
1990, Sherer et al. 1992, VanRooi) et al. 1993a), but the effect of gender on 
urinary 1-OH-pyrene excretion has hardly been studied. Zhao et al. (1992) 
reported lower, but statistically insignificant, 1-OH-pyrene excretion in females, 
but no correction was made for differences in smoking habits between females 
and males. 
This study shows that a simple assay, in which human hair follicles are used as 
biopsy material, enables the measurement of strong intenndividual differences in 
1-OH-pyrene formation. Smoking and gender were found to have a significant 
effect on the in vitro 1-OH-pyrene formation in hair follicles. Further research 
Variability in pyrene hydroxylation in hair follicles 7Б 
should clarify whether variability in 1-OH-pyrene formation in hair follicles reflects 
variability of whole-body formation of 1 -OH-pyrene. In PAH exposure assessment, 
using urinary 1-OH-pyrene as biomarker, one should be aware of the fact that 
interindividual differences in pyrene hydroxylation may affect the results. 
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Abstract 
In order to determine differences in absorption of Polycyclic Aromatic 
Hydrocarbons (PAH) between anatomical sites and individuals, coal-tar ointment 
was applied to skin of volunteers at various sites. The surface disappearance of 
PAH, and urinary 1-OH-pyrene excretion after skin application of coal-tar ointment 
were used as parameters for dermal PAH absorption. The surface disappearance 
has been determined by the measurement of the fluorescence of PAH on skin. 
Surface disappearance measurements show low but significant differences in 
dermal PAH absorption between anatomical sites: shoulder > forehead, forearm, 
groin, > ankle, hand (palmar site). The average PAH absorption rate constant at 
different skin sites ranges from 0.036/hour to 0.135/hour (overall mean: 
0.066/hour). This indicates that after 6 hours of exposure, 20 to 56% of a low 
dermal dose of PAH (e.g. about 1.0 ng pyrene/cm2) will be absorbed. The inter-
individual differences in PAH absorption are small (7%) in comparison with 
differences between anatomical sites (69%). 
Results based on the urinary excretion of 1 -OH-pyrene were less clear. The site of 
application of the coal-tar ointment (dose: 2.5 mg/cm2 during 6 hours) has no 
significant effect on the excreted amount of 1 -OH-pyrene in urine. It is estimated 
that after coal-tar ointment application on skin, 0.3 - 1.4% of the pyrene dose 
(about 2 pq pyrene/cm2) becomes systemically available. For the accurate 
estimation of PAH uptake through skin of workers, it seems relevant to distinguish 
different body regions. Not only because of the regional variation in percutaneous 
PAH absorption, but also because of the high dispersal of PAH contamination on 
skin of workers. 
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Introduction 
The contamination of workers' skin with polycyclic aromatic hydrocarbons (PAH) 
may occur either by deposition from air (Wolff et al., 1982; Herbert et al., 1990) 
or by contact with contaminated surfaces like clothing (Kandus et al., 1972), 
underwear (Jach and Masek, 1973) or tools. 
Occupational dermal PAH exposure has been measured in several work 
environments using exposure-pads (polypropylene filter in plaster material) as a 
pseudo-skin monitoring technique. Among road paving workers the daily skin 
contamination of pyrene ranged up to 1400 ng/cm2 (Jongeneelen et al, 1988). In 
the primary aluminum industry daily skin contamination levels of pyrene were 
found in the range of 6 - 192 ng/cm2, and benzo(a)pyrene in the range of 2 - 34 
ng/cm2 (VanRooij et al., 1992). Among coke-oven workers it varied from 0.1 - 74 
ng/cm2 for pyrene and for benzo(a)pyrene from 0 - 55 ng/cm2 (VanRooij et al., 
1993). In these studies substantial contamination (up to 106 ng/cm2) was also 
detected on the skin underneath 'protective' working clothes. Wolff and co­
workers (1982) determined total PAH in skin oil of the forehead of roofing 
workers: 97 ng/cm2 (mean value). 
PAH are known to be absorbed through skin (Roy et al., 1987, Storer et al., 
1984). Dermal application of РАН-containing tars may induce local effects like 
papillomas and skin carcinomas (Nesnow et al., 1983), but also systemic DNA-
damage in lung and heart tissue (Randerath et al., 1988; Schoket et al., 1988). 
Many publications have reported an effect of the anatomical site on the skin 
permeability (Feldmann and Maibach, 1967; Maibach et al., 1971; Scheuplein and 
Blank, 1971, Wester et al., 1980; Scheuplein and Bronaugh, 1983; Rougier et al., 
1986; Rougier et al., 1988). Feldmann and Maibach (1967) reported for example 
that the skin of scrotum, and the skin of the face is respectively 40 and 5 times 
more permeable for hydrocortisone than the forearm skin (see table 5). Guy and 
Maibach (1985) showed that the total body uptake of hydrocortisone, malathion 
and parathion will be overestimated (2 till 3 times) when the regional differences 
in absorption rate are neglected and only the volar forearm skin penetration rate is 
used in the calculations. 
In order to make an accurate estimation of the dermal uptake of PAH among 
workers, we studied differences in PAH absorption between anatomical sites and 
between individuals. For this purpose we applied coal-tar ointment to skin of 
volunteers and measured dermal PAH absorption using a direct skin monitoring 
method and a biological monitoring method. 
Study design and methods 
Male volunteers in the age of 22 - 37 years with a healthy skin volunteered in the 
experiments (see table 1). Experiments were approved by the local ethical 
committee on human experiments and the volunteers received a medical 
examination by a dermatologist. The therapeutical coal-tar ointment used in the 
experiments contains 10% coal-tar in a vehicle of zinc oxide paste. Zinc oxide 
paste is a mixture of starch (25%), zinc oxide (25%), paraffine (10%) and vaseline 
(40%). 
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Table 1. Personal characteristics of volunteers participating in this study. 
person 
A 
В 
С 
0 
E 
F 
G 
H 
I 
Age 
(years) 
25 
26 
36 
23 
22 
22 
24 
23 
37 
Smoking 
(sig/day) 
0 
0 
0-10 
0 
0 
0-10 
0 
10-20 
0-10 
Alcohol 
(glas/week) 
10 
5 
55 
0 
0 
20-25 
4 
40 
20-25 
Quetelet 
Index' 
22.4 
21.5 
22.4 
23.1 
22.8 
19.6 
18.Θ 
20.9 
22.9 
Background excreten 
ram of 1-OH-pyrene' 
Ipmol/hour) 
84.9 
49 8 
127.1 
64.3 
58.2 
166.4 
B5.8 
208.0 
nd 
a = Quetelet Index =» body weight/height2 (kg/m2) 
b= based on 24-hours urine samples; aritmetic mean IN=3) 
nd not detected 
The content of 11 PAH ¡η the pharmaceutical coal-tar was determined with HPLC-
analysis and fluorescence detection using multiple wavelength shift for 
simulataneous quantification. The 11 PAH belong to the 16 priority PAH 
pollutants selected by the Environmental Protection Agency (EPA). 
Surface disappearance measurements: PAH on skin 
Four healthy males volunteered in this part of the study (person A, E, G and I). A 
dose of 2.5 mg/cm2 coal-tar ointment on 24 cm 2 skin, was applied at six skin sites 
per volunteer: forehead, shoulder, volar forearm, palmar site of hand, groin and 
ankle (see figure 1). After 45 minutes the remainder of the contaminant was 
removed using a standard cleaning procedure: initial removal using three tissues 
(supplier: Kleenex) with each 1 ml TIV-plus cleaner (supplier: DEB Nederland NV) 
followed by extensive washing with warm tap water and soap during 5 minutes. 
After removal of the coal-tar ointment, the disappearance of the remaining 
compounds was monitored up to 55 hours, 8 to 18 measurements per skin site in 
triplo, using a fiberoptics luminoscope (L-101A fiberoptics luminoscope, supplier: 
ESC, Knoxville, Tennessee USA). This instrument which has been developed by 
Vo-Dinh et al (1981), enables the measurement of the fluorescence of chemical 
substances on, and in the upper layers of the skin when excited by ultraviolet (UV) 
radiation. The excitation and emission wavelengths were 365 nm and 412 nm 
respectively, giving the highest luminescence signal for the PAH contaminant 
used. To determine background luminescence of the different skin sites, control 
measurements were carried out on neighbouring untreated skin during the entire 
monitoring period. These control measurements also enabled the validation of the 
instrument for time effects. Skin, similarly treated with only the vehicle of the 
coal-tar ointment, zinc oxide paste, showed no luminescence. 
HPLC-separation of the coal-tar combined with fluorescence detection at Atwc)ubon : 
365 nm and А
тпвят
 : 412 nm was applied to estimate the contribution of each of 
the 11 PAH to the luminescence signal as measured with the fiberoptics 
luminoscope (see table 2). A linear response of the luminoscope was found with 
coal-tar ointment contamination ranging up to 3.5 ¿/g/cm* at which the 
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luminescence signal ranged up to 500 units of measurement. The amount of PAH 
on skin of the volunteers after removal of the coal-tar ointment were within this 
range of linearity (up to 350 units of measurement). 
Figure 1. Application sites of coal-tar ointment. 
surface disappearance 
measurements · 
internal dose 
measurements 
Table 2. The content of PAH in pharmaceutical coal-tar, and the relative 
contribution to the respons signal of the fiberoptics luminoscope. 
PAH 
Naphtalene 
Fluorene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Chrysene/Benzolalanthracene 
Benzo(b)fluoramhene 
Benzo(k)fluoramhene 
Benzolalpvrene 
diBenzo(a,h)anthracene 
Benzo(ohi) perviene 
Indeno (123-cdlpYrene 
unidentified 4-or more 
fused-nng PAH 
content· (%) 
0.13 
0.28 
0.91 
0.24 
1.07 
0.81 
nd 
0.60 
0.31 
0.72 
0.16 
nd 
0.38 
nd 
luminescence1' (%) 
0.22 
1.01 
0.45 
1.85 
1.12 
0.34 
3.13 
2.57 
7.61 
31.Э 
0.56 
2.40 
0.78 
± 40 
ό ­
πα 
mean value of two measurements 
an estimate of the relative contribution of each of the PAH to the luminescence signal 
as measured with the fiberoptics luminoscope at Λ „ „ „ „ : 365 nm and 
Л,,,„„„ : 412 nm l% of total luminescencel 
not detected 
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Internal dose measurements: 1-OH-pyrene in urine 
Five skin regions were selected to study differences in percutaneous absorption of 
pyrene between anatomic sites: volar forearm, hand (both palmar and dorsum), 
neck, trunk and calf (see figure 1). 
Eight healthy males volunteered in this part of the study (person AH) which took 
place in three periods. In each period 2.5 mg/cm2 coal-tar ointment was applied 
for 6 hours to 400 cm2 skin of one region. This is equivalent with a dose of 10 
nmol pyrene/cm2 or 2 //g pyrene/cm2. Person A, B, C, and D got coal-tar ointment 
applied to the skin of trunk, hand and forearm; person E, F, G, and H to the skin 
of forearm, calf and neck. After application of the coal-tar ointment the site was 
covered with plastic and cotton to avoid decontamination during the exposure 
period and to standardize contamination circumstances. After 6 hours the 
remainder of the contaminant was removed with TIV-plus cleaner and warm water 
in combination with soap following a standard cleaning procedure equal to the 
procedure for surface disappearance measurements (see above). All urine voided 
from 24 hours before the application until three days (72 hours) after application 
was sampled. The volunteers registered the volume and the time of voidance. An 
aliquot was stored at -20 °C till analysis. 
Analysis of urine 
Metabolites in urine were deconjugated by enzymic hydrolysis and a solid phase 
sample clean-up was applied. HPLC-analysis allows the determination of the sum 
of free and conjugated 1-OH-pyrene in urine at the nmol/l level. The 
reproducibility of the analysis of urinary 1-OH-pyrene of this experiment was 
determined by a repeated analysis of 10 at random selected urine samples. The 
coefficent of variation was 9.6%. A full description of the method is presented 
elsewhere (Jongeneelen et al., 1987a). 
Statistical analysis 
Two-way analyses of variance (ANOVA) were carried out to determine differences 
in PAH absorption between individuals and between different anatomical sites. 
The residuals were checked for the normal distribution assumption. None of the 
analyses showed major deviation from this assumption. 
Additional least squares means of the absorption parameters were calculated per 
skin site and, in case of significant site effects, compared with forearm skin using 
Bonferroni correction for multiple comparison. Statistical analyses of the data 
were performed with SAS software, version 6.06. 
Results 
The content of 11 PAH in the pharmaceutical coal-tar is given in table 2. Table 2 
also presents an estimate of the relative contribution of each of the 11 PAH to the 
luminescence signal as measured with the fiberoptics luminoscope. It is 
concluded that mainly 4- or more fused-ring PAH are measured with the 
fiberoptics luminoscope at the given wavelengths. 
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Figure 2. Surface disappearance of PAH at three skin sites of volunteer I as 
measured with the fiberoptics luminoscope №moiUltìon 365 nm, АтЫо„ : 
412nm/°. Δ--Δ shoulder. 0--0 forearm, ν -νhand (palmari 
luminescence signal 
О 5 10 15 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 
time (hours) 
" the luminescence signal (mean value of three measurements) is corrected for the 
background luminescence of each skin site 
Surface disappearance measurements: PAH on skin 
Figure 2 illustrates the surface disappearance of PAH on skin of one of the 
volunteers (person I) on three skin sites: hand (palmar site), forearm and shoulder. 
Assuming that the surface disappearance is only a result of dermal PAH 
absorption, and that dermal PAH absorption follows first order kinetics, this 
process can be described as follows: 
dX/dt = -k, * X or X, = X0 · e k' ' ' 
where t is the time after removal of the coal-tar ointment (hours); X, is the 
luminescence signal at any time after removal of the coal-tar ointment; X„ the 
luminescence signal at time zero and k, the absorption rate constant (1/hour). 
Linear regression analysis of the 'log (luminescence signal) versus time' - plots 
revealed the absorption rate constants of PAH at the six skin sites per volunteer, 
which are presented in table 3. The PAH absorption rate constants range from 
0.026/hour to 0.196/hour. Two-way ANOVA showed that there is a significant 
effect of the anatomical site on the absorption rate constant, but no significant 
effect of the individual on the absorption rate constant (p=0.0005 and ρ=0.24 
respectively). The variance in the absorption rate constants is for 69% explained 
by skin site differences and for 7% by inter-individual differences. 
In comparison with forearm skin, the PAH absorption rate constant is 
approximately two times larger at the skin of the shoulder, and two times smaller 
at the skin of the ankle and palmar site of the hand (see table 3). 
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Table 3. The skin absorption rate constants of PAtf at different anatomical sites 
of human skin. 
site 
shoulder 
forearm 
forehead 
groin 
hand (palmar) 
ankle 
mean 
A 
0 069 
0 069 
0 059 
0 038 
0 032 
0 040 
0 051 
E 
0 196 
0 060 
0 083 
0 048 
0 050 
0 040 
0 080 
person 
G 
0 116 
0 0Θ9 
0 073 
0 083 
0 038 
0 037 
0 073 
1 
0 158 
0 061 
0 046 
0 044 
0 026 
0 028 
0 061 
mean 
0 135 
0 070 
0 065 
0 053 
0 037 
0 036 
0 066 
rel absorption 
inde»"· 
2 04' 
1 
0 95 
0 75 
0 54 
0 53 
a = the skin absorption rate constant (1/hour) oiven, is the absorption 
rate constant of PAHs in coal-tar ointment, which fluoresce when exited by 
UV radiation Umm„ 365 nm, ^ „ t o „ 412 nml 
b= Relative absorption index of PAH based on k, = k, ,u„M,|/ k, ,„„„, (mean value, N»41 
* = significantly different from forearm skin, ρ ί 0 0 5 
Beside differences in PAH absorption between anatomical sites, it was found that 
the remaining quantity after washing also differed significantly between 
anatomical sites (data not shown). The remainder of PAH on skin of forehead and 
hand palm, directly after decontamination (X0), was approximately two times more 
than on forearm skin (p=0.0005 and ρ=0.006 respectively). PAH remainder on 
skin at the other regions did not differ significantly from forearm skin. Based on 
the luminescence measurements directly after cleaning the skin it was calculated 
that about 0.04% of the applied dose remained on skin after cleaning. The 
remaining coal-tar ointment contamination on forearm skin was 1.0 |/g/cm2 
(arithmetic mean, S.D. = 0.07, N = 4), which is equivalent with 0.8 ng 
pyrene/cmA 
Internal dose measurements: 1-OH-pyrene in urine 
Figure 3 shows the excretion rate of 1 -OH-pyrene and the cumulative excretion in 
urine of one of the volunteers (person D) after coal-tar ointment application to skin 
of the hand and trunk. The cumulative excretion of 1-OH-pyrene (which is 
equivalent with the Area-Under-Curve (AUC) of the 'excretion rate-plot') is 
corrected for the individual background 1-OH-pyrene excretion as determined in 
the 24 hour pre-expenment period. Figure 3 illustrates that the coal-tar application 
to skin of volunteers leads to a 6 to 10-fold increase of the background excretion 
rate of 1-OH-pyrene in urine. The total excreted amount of 1-OH-pyrene, as a 
result of the skin application of coal-tar ointment varies between 5.0 and 23.8 
nmol (see table 4). The total excreted amount of 1-OH-pyrene of volunteer Η is 
relatively high compared to the other volunteers. Two-way ANOVA showed that 
there are significant differences in the total excreted amount of 1-OH-pyrene 
between the individuals, but no significant differences in the extent of urinary 1-
OH-pyrene excretion after coal-tar application, between the various skin sites 
(p=0.0003 and ρ = 0.32 respectively). However, further analysis of the 'urinary 1-
OH-pyrene excretion - plots' showed that the time in which half of the total 1 -OH-
pyrene was excreted, differed significantly between the volunteers and the skin 
sites (two-way ANOVA: ρ = 0.0014 and ρ = 0.0002 respectively). 
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Figure 3. The excretion of 1-OH-pyrene in urine after application of coal-tar 
ointment" on trunk and hand of volunteer D. •-• excretion rate of 1-
OH-pyrene in urine, +-+ cumulative excreted amount of 1-OH-pyrene 
excreled amount 
(nmol) 
excrelion rate excreled amount 
trunk 
10 60 PO 100 
time (hours) 
fnmol/hour) (nmol) 
^ 
> 
.+Ή+ 
/ 
hand 
о 20 40 no во ion 
lime (hours) 
* dose coal-tar ointment: 2.5 mg/cm2 on 400 cm2 from t = 24h till t = 30h, which is 
equivalent with 10 nmol pyrene/cm2 on 400 cm2 
The time to excrete half of the total 1-OH-pyrene varied between 8.2 and 18.9 
hours (data not shown). The relative absorption indices for the various skin sites, 
based on the time to excrete half of the total 1-OH-pyrene, are presented in table 
4. This leads to the conclusion that the time to pass the skin barrier differs 
significantly between the various skin sites, but that the total absorbed amount of 
pyrene does not. 
Discussion 
Intra- and inter-individual differences in dermal PAH absorption 
Data documenting the phenomena of the anatomic site in dermal absorption are 
limited and result in often contradictory explanations for the differences in 
absorption between anatomic sites (Rougier et al, 1986). Many explanations of 
these regional differences in skin absorption of chemicals are described in 
literature, such as: variation in structure of skin (chemical composition, thickness 
of stratum corneum), number of appendages (e.g. sweat ducts and hair follicles) 
and percutaneous metabolic capacity. That the relative importance of each of 
these factors may vary according to the physiochemical nature of the penetrant is 
illustrated in table 5. This table shows that skin site variation in PAH absorption is 
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Table 4. Excreted amount of 1-OH-pyrene (nmol) after coal-tar application* on 
five different skin sites of 8 volunteers. 
site 
neck 
calf 
forearm 
trunk 
hand 
mean 
A 
1 1 8 
11.4 
7.0 
10.1 
в 
7.7 
8 8 
11.1 
9.2 
С 
12.1 
15 0 
6 0 
11.0 
person 
D 
8 6 
7 8 
6 6 
7.7 
E 
10.1 
7.0 
5 0 
7.3 
F 
13.9 
14 5 
1 0 7 
13.0 
G 
10.6 
11.1 
13.4 
11.7 
H 
23.8 
23.0 
21.2 
22.6 
mean 
14.6 
1 3 9 
11.3 
10.8 
7.7 
11.6 
rel. absorption index' 
1 
1.31 
1.17 
1.00 
1.07 
0.83 
2 
1.4Г 
1.04 
1.00 
1.00 
0.68" 
a = dose coal-tar ointment: 2.5 mg/cm' on 4 0 0 cm3, during 6 hours, which is equivalent with 
10 nmol pyrene/cmJ on 4 0 0 cm' during 6 hours, 
b» Relative absorption index of pyrene (mean value, N = 41 
1. based on excreted amount of 1-OH-pyrene in urine (XI = X ^ ^ i / Хшш*
т 
2. based on time in which half of total 1-OH-pyrene is excreted in urine (tl (data not shown} - t , „ „ , / t «.„«„, 
* - significantly different from forearm skin, ρ s 0.05. 
small ¡η comparison with other compounds like hydrocortisone and 
parathion/malathion. The relative importance of factors which influence 
percutaneous absorption may also be affected by varying dosing circumstances at 
different anatomical regions, such as hydration, friction, or temperature. 
Kao et al. (1988) found that percutaneous absorption of benzo(a)pyrene correlated 
with the hair density in mouse strains; histological evidence suggested that 
transfollicular diffusion was the main route of penetration. In another study, Kao 
et al. (1985) concluded that the epidermal metabolism of benzo(a)pyrene 
determines the rate of benzo(a)pyrene dermal penetration in mouse skin culture. 
However, Storm and co-workers (1990) were not able to detect cutaneous 
metabolism of benzo(a)pyrene in human skin (in vitro). They concluded that the 
slow absorption and low enzyme activity limit cutaneous metabolism of 
benzo(a)pyrene in human skin. Ng et al. (1991) found that the penetration of 
phenanthrene through skin of the hairless guinea pig is controlled more by the 
passive rate of diffusion than by metabolism (only 7% of the absorbed 
phenanthrene was biotransformed). 
This study shows significant, but low regional variation in dermal absorption rate 
constants of PAH (see table 3). Compared to forearm skin, the absorption rate 
constant of PAHs is approximately two times higher at skin of the shoulder (p s 
0.05) and two times smaller at skin of the ankle and the palmar site of the hand. 
Monitoring of an urinary pyrene metabolite after skin application did not reveal 
significant regional variation in the absorbed amount of pyrene. Although 
differences were found, the significance level was not reached, probably due to 
both the low number of observations and the sensitivity of the methodology. 
However, in comparison with forearm skin, the metabolite is excreted significantly 
faster after coal-tar ointment application to skin of the neck (factor 1.4) and 
slower after application to skin of the hand (factor 0.86) (see table 4). 
Although thickness of stratum corneum of the palmar site of the hand and hair 
follicle density of the neck skin seem to be relative important derminants of skin 
site variation of PAH absorption, our results suggest that none of the explanations 
of regional differences in skin absorption as mentioned in literature, appear to have 
90 Experimental studies 
a maior effect on the PAH absorption process. 
Many factors which influence intra-individual differences in PAH absorption also 
may affect inter-individual differences. For example hair follicle density may vary 
strongly between individuals, and also hydration of skin and thickness of stratum 
corneum. In order to determine differences in PAH absorption between individuals, 
using a urinary metabolite, one should be aware of differences in PAH metabolism 
between individuals. Jongeneelen et al (1987b) reported large inter-individual 
differences in the Vm(n( and KM of cytochrome P-450 isoenzyme kinetics of human 
hepatic 9000 χ g supernatant towards pyrene. It appears that the results of the 
direct skin disappearance measurements of PAH are more accurate to determine 
inter-individual differences in dermal PAH absorption. These measurements show 
that inter-individual differences in PAH absorption are minor (7%) in comparison 
with skin site differences (69%). 
Table 5. Absorption-indices of hydrocortison, parathion/malathion calculated by 
Guy and Mai bach (19851 compared with absorption indices of pyrene 
and PAH for different anatomical sites. 
anatomical site 
genitals 
arm 
hand 
leg/ankle 
trunk/shoulder 
head/neck 
hydrocortisone' 
40 
1 
1 
0 5 
2 5 
5 
Absorption index 
pesticides" 
12 
1 
1 
1 
3 
4 
pyrene' 
1 
0 8 
1 2 
1 1 
/1 3 
PAH" 
1 
0 5 
0 8/0 5 
/2 0 
1 0 
a= based on hydrocortisone penetration data (Feldmann and Maibach 19671 
b= based on parathion and malathion absorption data (Maibach et al , 1971) 
c= based on excreted amount of 1 OH pyrene in urine after coal tar ointment application 
d« based on the PAH absorption rate constant (k.) after coal tar ointment application 
Dermal absorption of pyrene in relation to other PAH 
A mass balance of dermally absorbed pyrene and excreted 1-OH-pyrene in urine 
was conducted. Classical interpretation of the data is not possible because the 
lack of a parenteral control. The assessment is based on the following 
assumptions: 0) 46% of systemically available pyrene appears as 1-OH-pyrene and 
conjugates (Jacob et al., 1989); (и) 90% of 1-OH-pyrene and conjugates is 
excreted in urine, because the 1-OH-pyrene excretion rate in feces of volunteers E, 
F, G, and H, did not increase after coal-tar application on forearm skin (data not 
shown); (in) storage of pyrene or 1-OH-pyrene in the body is very limited, because 
the urinary excretion rate of 1-OH-pyrene reaches the normal background-
excretion rate within the period of measurement (see figue 3). With these 
assumptions, it is estimated that 0.3 - 1.4 % of the pyrene in the coal-tar 
ointment is absorbed into the body, with an absorption rate that varies between 5 
and 23 pmol/(cm2*hour) (mean: 12 pmol/(cm2*hour)). It is stressed that 
occlusion, due to the ointment itself and the coverage of the site of application 
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with plastic, may have increased the dermal PAH absorption (Wester and Maibach, 
1983). 
Other studies made clear that the dermal absorption characteristics of pyrene are 
comparable with other PAHs. Dankovic et al (1989) reported that the dermal 
penetration of benzo(a)pyrene in mouse skin was found to be representative of 11 
other PAHs studied, with a dermal half-life of 6.7 hours (pyrene: 5.0 hours), but 
that the composition of the complex organic mixture may increase the dermal 
residence time of benzo(a)pyrene by amounts ranging from 1.8-fold to 6.9-fold. It 
is not studied whether the complex organic mixture affects the representative of 
benzo(a)pyrene (or pyrene) for the 11 PAH. Roy et al. (1987) compared the extent 
of absorption of 27 PAHs in in vitro studies (diffusion cells, rat skin) The extent 
of absorption (% of absorbed dose) fall for nearly all the PAHs studied within a 
factor of two of the chosen standards: anthracene for 3-fused-nng aromatics and 
benzo(a)pyrene as a model for 4- and 5-fused-nng aromatics. 
Based on the absorption rate constants determined in the surface disappearance 
experiments, it is estimated that of a low PAH dose, which is more comparable 
with the occupational situation, 20 - 56% will be absorbed after 6 hours. 
Biological monitoring of dermal PAH exposure in workers 
Although only one metabolite of a single (major) PAH is determined in urine, it 
seems that urinary 1-OH-pyrene measurements are very powerful to assess dermal 
PAH exposure The dose of coal-tar ointment as applied to skin of the volunteers, 
which is equivalent with 2000 ng pyrene/cm2 on 400 cm2, leads to a 6 to 10-fold 
increase of the urinary 1-OH-pyrene background excretion rate It seems obvious 
that the dermal PAH contamination (20 ng pyrene/cm2 on 19,000 cm2 after an 8 
hour workshift) as found among aluminum workers (VanRooi) et a l , 1992) results 
in a strong increase of 1 -OH-pyrene concentration in urine. The utility of urinary 1 -
OH-pyrene as biological indicator of dermal PAH exposure is also shown by 
Clonfero and co-workers (1989). They found a good correlation between urinary 
1 OH-pyrene concentration and the mutagenicity in urine of psonatnc patients 
treated with coal tar (r = 0 80, N = 15, p < 0 001). 
For the estimation of PAH uptake through skin of workers, it seems relevant to 
distinguish different body regions Not only because of the differences in 
percutaneous PAH absorption between the regions, which are limited, but more 
because of the high dispersal of PAH contamination as previously measured on 
skin of workers (Jongeneelen et al, 1988, VanRooij et al., 1992). 
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Abstract 
Urinary 1-OH-pyrene, a metabolite of pyrene, is a sensitive biological marker for 
dermal absorption of pyrene in man. In order to determine whether this metabolite 
is a reliable biomarker of cutaneous absorption of other PAH, the blood-perfused 
pig ear model was used to compare the dermal absorption flux of pyrene with 9 
other PAH, after coal tar application. Cumulative absorption of PAH into the 
perfusion blood, 200 min after application of an overdose of coal tar, ranged 
between 830 pmol/cm2 for phenantrene to less than 4 pmol/cm2 for 
benzo ( b ) f l u o r a n t h e n e , benzo ( k ) f l u o r a n t h e n e , benzo (a) p y r e n e , 
dibenzo(ah)anthracene and ¡ndeno(123-cd)pyrene). The results of this study show 
that, when pyrene is used as a marker compound for PAH absorption through pig 
skin, the cumulative absorption of PAH with a lower molecular weight will be 
underestimated: fluorene ± 10, phenanthrene ± 12, and anthracene and 
fluoranthene circa 2 times. The percutaneous absorption of PAH with a higher 
molecular weight than pyrene will be overestimated: e.g. benzo(a)pyrene ± 7 
times, indeno(123-cd)pyrene ± 100 times. It is likely that this conclusion is also 
valid for dermal PAH absorption in man. 
Introduction 
Urinary 1-OH-pyrene, the main metabolite of pyrene, is more and more used as 
biological marker for the exposure to polycyclic aromatic hydrocarbons (PAH). This 
method of biological monitoring of PAH exposure has been developed by 
Jongeneelen and co-workers.1 This method has been adopted by several groups 
to study PAH exposure through food2, environmental tobacco smoke3, outdoor 
air4,5, occupation6"14, medication15,1', and the PAH exposure of recreative 
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Urinary 1-OH-pyrene is not only a sensitive marker for inhalatory or dietary PAH 
exposure, but enables the measurement of dermal PAH exposure as well. In 
psoriatic patients, but also in healthy volunteers, it is found that coal tar ointment 
application on skin results in a strong increase of 1-OH-pyrene excretion in 
urine15,1*. Van de Weerdt and Jongeneelen17 even reported a significant increase 
of 1-OH-pyrene excretion in recreative windsurfers, due to dermal exposure to 
PAH polluted water. Simultaneous determination of urinary metabolite 
concentrations, skin contamination and personal air monitoring, made clear that 
dermal pyrene exposure is also the main determinant of the internal dose among 
coke oven and creosote impregnating workers13,14. 
For the assessment of dermal exposure of other PAH, it is very neccesary to study 
whether dermal absorption of pyrene, as measured with urinary 1-OH-pyrene as 
biomarker, reflects the dermal absorption of other PAH through human skin. 
Although many experiments on dermal PAH absorption are conducted, absorption 
differences between PAH are hardly studied. Most studies are focussed on dermal 
absorption of one PAH, e.g. benzofalpyrene18"22, species differences23,24, and/or 
comparison of in vitro and in vivo techniques2 2 , 2"8. An extensive study of 
differences in dermal absorption between PAH is carried out by Dankovic et al.3 0 
in vivo in mouse, and by Roy and co-workers31 in vitro in rat. Storer et al.3 2 
reported low concentrations in blood of several PAH after application of 2% crude 
coal tar in petrolatum on skin of volunteers. The results form these studies appear 
to be insufficient to draw general conclusions about the dermal absorption of 
pyrene through human skin in relation to other PAH. 
The isolated blood-perfused pig ear is a useful model for dermal absorption 
studies, because: (i) pig skin resembles human skin morphologically and 
functionally э з, (ii) percutaneous absorption rates in pig skin appear to be 
comparable with rates in human skin3 4 , 3 5, and (¡ii) the model has the advantage 
that blood can be used as perfusion fluid, that it employs a cost-efficient and 
easily obtainable organ, and that it is animal saving36. 
In order to determine whether pyrene is a representive marker compound for the 
dermal absorption of other PAH in human skin, we applied coal tar on the skin of 
an isolated blood-perfused pig ear, and studied the absorption of 10 PAH into the 
blood. Coal tar was used because it is a main source of occupational PAH 
exposure, it has a high content of PAH, and it is used for treatment of skin 
diseases. 
Experimental 
In this study we used the isolated blood-perfused pig ear skin model which is 
developed for skin penetration studies by De Lange et al.36. Five ears were used to 
study the uptake of 10 PAH in blood after coal tar application: fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, benzo(b)fluoranthene, 
benzo(k)f luoranthene, benzo(a)pyrene, indeno(123-cd)pyrene, and 
dibenzo(ah)anthracene. 
Perfused pig ear model 
At the slaughterhouse, a healthy domestic pigs (75-100 kg) was stunned by 
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electrocution and bled to death. Approximately 1 L of blood was collected in a 
glass bottle, and heparin was added to a final concentration of 20 U/mL. The ear 
was cut transversely, distal from the bifurcation of the vena auricularis lateralis 
(12-15 cm from the tip of the ear). Both the ear and blood were kept on ice during 
transport to the laboratory. Polythene cannulas (1 mm o.d. and 0.5 mm i.d.) were 
inserted into the vena auricularis intermedius and arteria auricularis. Subsequently, 
the preparation was perfused with phosphate-buffered saline, containing 20 U 
heparin/mL and 1 mg glucose/mL, until the perfusate was clear. Leaks along the 
cut were closed with σ-cyanoacrylate (Cyanolite, Permenato, Heilo, the 
Netherlands). The preparation was then placed into a temperature- (30.0° ± 
0.5°C) and humidity- (40%-60%) controlled plexiglass chamber and allowed to 
equilibrate for 30 min before perfusion with blood was started. Perfusion pressure 
(1290A quartz pressure transducer, Hewlett Packard, U.S.A.) and blood flow 
(Perilux laser doppler flow meter) were monitored during the perfusion 
experiments. Every 30 minutes plasma glucose was determined enzymatically ID-
glucose test kit, Boehringer Mannheim, Germany), as a marker of cell viability. 
The blood, which was from the same animal as the ear, was filtered through 
tissues (Kleenex) to remove any blood clots and tissue debris. Subsequently, the 
blood was maximally oxygenated by saturating the blood with carbogen during 1 
hour (95% 0 2 , 5% C02) before placing it in a 250-mL glass reservoir. Before the 
blood was pumped into the ear with a peristaltic pump (model 315A/D2, Verder, 
Woerden, The Netherlands), additional oxygenation was accomplished by pumping 
the blood through thin-walled gas-permeable, convoluted silicon rubber tubing (S 
1.5/0.3, Medica B.V., 's-Hertogenbosch, The Netherlands), which was situated in 
a glass container gassed with carbogen. 
Coal tar application and blood sampling 
After 30 min of blood perfusion, industrial coal tar (ACZC, Sluiskil, The 
Netherlands) was applied on a square area of 6*4 cm2 with an average dose of 11 
mg/cm2. The PAH content of the 10 PAH in the coal tar is given in table 1. 
Perfusion blood was collected in fractions of approximately 11 mL, time intervals 
were registered. Perfusion was continued until the perfusion pressure became to 
high (> 70 mmHg). The average perfusion time after application of the coal tar 
was 250 min. 
Blood sample preparation and analysis 
10 mL of a blood sample was extracted three times with 10 mL hexane (HPLC-
grade, Boom BV, The Netherlands). Under a gentle flow of nitrogen (at 40°C) the 
solvent was evaporated to dryness, and the residue was dissolved in 2 mL 
methanol (HPLC-grade, Boom BV, The Netherlands). After centrifugation of the 
sample, the supernatant was analyzed for 10 PAH with reversed-phase high 
performance liquid chromatography (HPLC). Calibration curves were made with 
blood samples spiked with the 10 PAH. These spiked blood samples were 
analysed according to the same procedure as the perfusion samples. The analyses 
of PAH in the blood samples were performed on a HPLC system (Kipp Analytical, 
equipped with a Merck RP-18 lichrosphere column, and a multiple shift 
fluorescence spectrophotometer (LS-4, Perkin Elmer). The method for the analysis 
of the 10 PAH in blood has an average coefficient of variation of 14.4%. 
Recovery of the 11 PAH ranged from 4 5 % for dibenzo(ah)antracene to 9 7 % for 
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anthracene. The detection limit of the PAH under study varied between 0.3 and 
53 pmol/mL blood for benzo(k)fluoranthene and fluorene, respectively (see table 
1). 
Table 1. The 10 PAH under study: content in coal tar, molecular weight, log k^, 
and detection limit in applied HPLC-analysis. 
PAH Content in molecular log k„" detection 
coal tar ' weight limit' 
(%) (g/mol) Ipmol/mL blood) 
1 fluorene 
2 phenantrene 
3 anthracene 
4 fluoranthene 
5 pyrene 
6 benzo(b)fluoranthene 
7 benzolklfluoranthene 
8 benzolalpyrene 
9 indeno(123 cdlpyrene 
10 dibenzo(ah)anthracene 
2 1 
6 8 
3 7 
4 0 
2 1 
0 9 
0 4 
0 9 
0 6 
0 4 
166 2 
178 2 
178 2 
202 3 
202 3 
226 3 
252 3 
252 3 
276 3 
278 4 
4 2 
4 5 
4 5 
5 2 
5 0 
5 8 
5 8 
6 4 
53 0 
1 7 
2 0 
51 0 
2 7 
7 8 
0 3 
6 3 
8 3 
185 
a = results of duplicate measurements 
b ' octanol/water partition coefficient, source Lide1*, Gusten40, Sanemasa et al ", Wu et al 
с =• arithmetic mean of five measurements 
Statistical analysis 
The paired t-test was used to determine whether the dermal absorption of the 
various PAH through pig ear skin is statistically different from pyrene absorption. 
Statistical analyses of the data were performed with SAS software, version 6 06. 
Results 
The duration of the absorption experiments with the blood-perfused pig ears was 
limited to aproximately 250 mm. After ± 250 mm the perfusion had to be stopped 
due to a strong increase of the blood pressure (> 70 mmHg, average: 45 mmHg). 
During the perfusion period of 250 mm, blood pressure, bloodflow and glucose 
uptake were rather constant (see figure 1). The average bloodflow was 0.5 
ml/mm, the glucose uptake was 290//g/mm per 100 g pig ear. 
Figure 2a shows the absorption flux of pyrene through skin of 5 blood-perfused 
pig ears versus time; figure 2b presents the cumulative pyrene uptake. The figure 
illustrates that dermal absorption does not reach steady state conditions within 
four hours of blood perfusion. For the comparison of dermal absorption flux of the 
various PAH, we used therefore the following dermal absorption parameters: the 
cumulative uptake (in pmol/cm2), and the absorption flux (in pmol/h per cm2) of 
each PAH through pig ear skin after 200 mm of perfusion. 
Table 2 presents the cumulative uptake of the various PAH after 200 mm of 
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Figure 1. The blood pressure (a), bloodflow (bl and glucose uptake (ci during the 
absorption experiments with the blood-perfused pig ears. 
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Figure 2. Dermal absorption flux fat and cumulative uptake ІЫ of pyrene versus 
time, after coal tar application (dose: ± 11 mg/cm2) in the blood-
perfused pig ear model. 
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Table 2. The absorbed amount of 10 PAH through pig ear skin (in pmol/cm2) 
during 200 min after coal tar application'. 
PAH 
1 fluorene 
2 phenantrene 
Э entracene 
4 fluoranthene 
5 pyrena 
θ benzolblfluoramhene 
7 benzol» fluoranthene 
8 benzolalpyrene 
9 indeno(123-cd)pyrene 
10 dibenzolahlantracene 
ear l 
384 
439 
55 
36 
26 
4 
1 
9 
< 1 
< 2 
ear2 
222 
334 
47 
23 
43 
13 
1 
13 
< 0 2 
< 2 
еагЭ 
489 
915 
131 
122 
67 
5 
< 0 4 
< 1 
< 0 7 
< 2 
ear4 
2377 
1623 
302 
359 
193 
< 0 1 
< 0 1 
< 0 1 
< 0 3 
< 2 
ear5 
566 
929 
157 
164 
70 
< 0 1 
< 0 1 
< 0 1 
< 0 1 
< 0 1 
Relative 
amount' 
9 5* 
1 2 0 * 
1 8" 
1 β 
1 
< 0 1 1 ' 
< 0 0 2 ' 
< 0 13* 
<oor 
•C0 0 3 ' 
SD 
3 9 
3 8 
0 5 
0 7 
-
0 1 
0 02 
0 2 
0 02 
0 03 
a - dose 7 7 , 8 3 1 7 5 , 1 0 1 and 1 7 5 mg/cm', on ear 1, 2, 3, 4 and 5, respectively 
b " related to pyrene mean value IN =51 
e - statistically different from 1 ( p s 0 01) 
perfusion. The PAH are listed in order of molecular weight. When the 
concentration of a PAH in the perfusate was below the detection limit of this 
PAH, the cumulative uptake of this PAH was calculated based on the assumption 
that the concentration was equal to half the detection limit, and marked with a 
'less than'-sign in the table. The mean cumulative absorption through pig ear skin 
after 200 mm of perfusion, varied strongly between the PAH under study: 808 
pmol/cm2 for fluorene, 848 for phenantrene, 138 for anthracene, 141 for 
fluoranthene, 80 for pyrene, and less than 5 pmol/cm2 for PAH with a higher 
molecular weight than pyrene, such as benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, indenod 23-cd)pyrene and 
dibenzo(ah)anthracene. 
The mean absorption flux at 200 mm after coal tar application varied strongly 
between the 10 PAH: 430 pmol/h per cm2 for fluorene, 580 for phenantrene, 110 
for anthracene, 105 for fluoranthene, 60 for pyrene, 3 for benzolalpyrene and 
benzo(b)fluoranthene, and less than 1 pmol/h per cm2 for for 
benzo(k)fluoranthene, indenod 23-cd)pyrene and dibenzo(ah)anthracene (data not 
shown). Beside the strong variation in dermal absorption between PAH, figure 2 
and table 2 illustrate the strong inter-ear variation in dermal PAH absorption. For 
example, the absorption flux of pyrene after 200 mm of perfusion varied between 
6 (ear 1) and 155 pmol/h per cm2 (ear 4), the cumulative uptake of pyrene after 
200 minutes varied between 26 (ear 1) and 193 pmol/cm2 (ear 4). The variation in 
absorption between the five ears is not caused by variation in the applied dose of 
coal tar. The applied amounts of coal tar on the pig ears (7.7, 8.3, 17.5, 10.1, 
and 17.5 mg/cmJ on ear 1,2,3,4, and 5, respectively) were strong overdoses, 
since less than 0 2% of each PAH in the coal tar was absorbed through skin in the 
perfusion blood after 200 mm (see figure 3). 
To reduce the effect of inter-ear variation in dermal PAH absorption flux on the 
comparison of dermal absorption of various PAH with pyrene, we calculated the 
mean relative cumulative absorption of the 10 PAH with pyrene as reference (see 
table 2). The mean relative cumulative uptake varied from less then 0.01 for 
indenod 23-cd)pyrene to 12 for phenantrene, and was for each PAH, except 
fluoranthene, statistically different from pyrene (p ^ 0 01). 
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Figure 3. The cumulative amount of 10 PAH, expressed as a percentage of the 
applied dose, that is absorbed through skin in a period of 200 min after 
coal tar application in the blood-perfused pig ear model (dose: ±11 mg 
coal tar/cm2 on 24 cm2). See table 1 for names of compounds. 
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Discussion 
The isolated blood-perfused pig ear model has advantages over in vivo cutaneous 
penetration studies in laboratory animal species and in vitro models, such as the 
diffusion cell technique38. In comparison with the use of laboratory animals, the 
isolated blood-perfused pig ear model has less ethical constraints, and the 
complexity of non cutaneous toxicokinetics does not affect the results. In 
addition, species differences in non cutaneous toxicokinetics do not hamper 
extrapolation of the results to humans. Some major advantages of the model in 
comparison with in vitro models are that blood is used as recipient medium instead 
of a buffer, containing organic solvents, and that the model does not ignore the 
effect of chemicals on the dermal vascular system. Several groups reported the 
strong effect of the composition of the recipient medium on the flux of penetration 
of chemicals in in vitro models28,37. Bronaugh and Maibach38 stated that the dermal 
vascular system may play an important role in percutaneous absorption of 
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chemicals. 
The mean cumulative uptake of the 10 PAH after 200 mm through pig ear skin, 
ranged from < 0 5 pmol/cm2 for mdeno(123-cd)pyrene to ± 850 pmol/cm1 for 
phenanthrene (see table 2). Differences in the dermal absorption flux between 
PAH have been reported earlier. Roy et al.3' reported a decrease in dermal 
absorption for PAH with increasing molecular weight in vitro in the rat. The 
absorbed amount, expressed as the percentage of the applied dose after 96 h, 
varied between 5 and 9 0 % for the 27 PAH under study. Dankovic et al.30 reported 
that the dermal half life of 12 PAH, after in vivo application of a complex organic 
mixture on mouse skin, varied only between 5 0 and 8.8 h, but that the 
absorption was strongly affected by the composition of the complex organic 
mixture. In the guinea pig, 16% of the applied benzo(a)pyrene dose (27 nmol/cm2) 
and 5 7 % of the applied pyrene dose (31 nmol/cm2) was absorbed in vivo after 12 
h 2 9 . 
The results of the present study confirm that the dermal absorption flux differs 
between PAH and that the absorption flux decreases with increasing molecular 
weight or octanol/water partition coefficient (see table 1 ). A close comparison of 
our results with those of previous studies is difficult due to species differences, 
the use of various percutaneous absorption models, and varying dosing conditions. 
Although the extent of dermal PAH absorption varies strongly between the 5 ears, 
the inter-ear variation is relative small when the absorbed amount after 200 mm is 
related to pyrene (see table 2), indicating that the relative absorption flux of the 
various PAH is rather constant (see also figure 3). Possible explanations for the 
variation in the absorbed amount of PAH between the ears are the thickness of 
the stratum corneum, the number of skin appendages21, percutaneous 
metabolism20, and/or variation of the condition of the isolated ears during the 
experiment. 
Extensive inter-species studies of PAH absorption, using benzo(a)pyrene as marker 
compound, have been conducted by Kao et al.23 and Storm et al.24. Kao et al.23 
studied benzo(a)pyrene permeation in skin, maintained as short-term organ culture. 
They found the highest permeation in mouse skin, but reported comparable 
permeation through skin of rat, rabbit, marmoset and human skin, and lower 
permeation in skin of guinea pig. In flowthrough diffusion cells, skin of animals like 
rat, guinea pig and mouse is more permeable for benzo(a)pyrene than human 
skin24. It appears that the experimental design has a strong effect on the results. 
Bartek et al.34, who studied in vivo dermal absorption of cortisone, testosterone, 
caffeine, haloprogin, N-acetylcysteme and butter yellow in rat, rabbit, pig and 
man, reported that skin of miniature swine has permeability characteristics closest 
to that of human skin Reifenrath and Hawkins35 evaluated various models for 
predicting skin penetration in man, and concluded that pig skin resembles human 
percutaneous absorption. 
In a previous study m which we applied an overdose of coal tar ointment on skin 
of volunteers (dose: 2.5 mg/cm2 on 400 cm2, during 6 hours, which is equivalent 
with 10 nmol pyrene/cm2) and measured the urinary 1-OH-pyrene excretion, it was 
estimated that pyrene in the coal tar ointment was absorbed into the body with a 
mean absorption flux of 5 - 23 pmol/h per cm2 1β. In the present study, in which 
we applied an overdose of coal tar ( ± 11 mg/cm2 on 24 cm2 pig ear skin, which is 
equivalent with 1100 nmol pyrene/cm2), pyrene was absorbed into the blood with 
a mean absorption flux of 4.5 - 57.6 pmol/h per cm2, during 200 mm of perfusion. 
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Despite differences in dosing conditions, duration of the experiments, and the 
parameters used to determine dermal pyrene absorption in the two experiments, it 
is concluded that the flux of pyrene absorption through skin of the pig ear is of the 
same magnitude as the flux through human skin. It appears that the blood-
perfused pig ear model is a good alternative for in vivo human skin absorption 
experiments. 
The present study shows that when pyrene is used as a marker compound for 
dermal absorption in pig ear skin, the absorption of PAH with a lower molecular 
weight is underestimated up to 14 times, and absorption of PAH with a higher 
molecular weight is overestimated (benzo(a)pyrene ± 7 times, indeno(123-
cdlpyrene more than 100 times). It is likely that this conclusion is also valid for 
PAH absorption in human skin. 
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Abstract 
In the electrode production departments of pre-bake aluminum plants large 
amounts of PAH are released. Emission sources are mixing, shaping and baking of 
the anode (pasta plant and bakeoven) and pot relining services. The study was 
performed to quantify the importance of dermal uptake of PAH among exposed 
workers. Twenty workers in the anode production departments (paste plant (N = 8) 
and bake oven (N = 5)) and the pot relining department (N = 7) volunteered in this 
study. A monitoring period of 5 consecutive days using personal air sampling, 
dermal contamination sampling and biological monitoring was performed. Pyrene 
was measured in the breathing air samples, the pyrene air concentration ranged up 
to 320 //g/m3. Dermal contamination of pyrene was monitored at three skin sites 
(wrist, jaw-neck and groin) using exposure pads as pseudo skin. The skin 
contamination of pyrene ranged up to 375 ng/cm2. The contamination of the groin 
skin site, although covered by working clothes ranged up to 106 ng/cm2. 
The 1-hydroxypyrene concentration in pre- and post-shift urine ranged up to 27 
//mol/mol creatinine and showed a daily increase and decrease over the night. 
Pyrene in air and pyrene on skin were tested for significance of correlation with 
urinary 1-hydroxypyrene in samples taken at several moments: end-of-shift, pre-
shift next morning and weekly increase. The correlation coefficients between 
dermal contamination and urinary 1-hydroxypyrene are equal or higher than the 
correlation coefficient between pyrene air concentration and urinary 1-
hydroxypyrene. The total skin contamination of workers is estimated to be more 
than three times higher than the intake of the respiratory tract. The contribution of 
dermal exposure to the total PAH body burden of exposed workers appears to be 
substancial. 
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Introduction 
The pollution by polycyclic aromatic hydrocarbons (PAH) in the work environment 
is widespread (1). There is sufficient evidence that eleven PAH are carcinogenic to 
experimental animals (2). There is sufficient evidence that certain exposures in the 
aluminum industry are carcinogenic to humans, giving rise to cancer of the lung 
and bladder. Pitch volatiles have fairly consistently been suggested in 
epidemiological studies as being possible causative agents Dose-response 
relationships have been clarified, and confounding by smoking controlled for (2, 
3) Inhalation of carcinogenic PAH adsorbed on particulate matter is of principal 
concern Attempts have been made to control the exposure to PAH in work 
environments through the setting of standards for ambient air. However, PAH are 
known to be absorbed through the skin (4,5,6) and because the contamination of 
workers' skin, either direct (7, 8) or via clothing (9) or underwear (10), the skin 
may be an important route of uptake. Dermal application of РАН-containing tars 
may induce systemic DNA-damage in tissues like lungs and heart (11, 12). 
The skin is not only a barrier to the uptake of chemicals, but can also be a target 
organ for carcinogens. Samples of airborne polynuclear organic matter from 
vertical stud Söderberg potrooms were tested for carcinogenity by skin application 
to mice and resulted in a high incidence and early appearance of papillomas and 
carcinomas of the skin (3) 
The importance of exposure routes of workers was determined with pyrene as a 
marker-compound for PAH Urinary 1-hydroxypyrene, a metabolite of pyrene, is a 
useful biological indicator for total internal PAH exposure (13, 14, 15, 16). 
There are several methods to measure skin contamination, washing methods 
(including skin wipes), methods using a pseudo-skin and methods using tracer-
techniques In this study we used exposure pads (a pseudo-skin method) This 
method is relative easy to apply, it gives information about the regional skin-site 
variation and it measures the contamination and not the residue (as washing 
methods and methods using tracer-techniques do). 
Among road paving workers we found a high correlation between pyrene on 
exposure pads and 1-hydroxypyrene in urine, but the data on PAH breathing air 
concentrations were too limited to determine the contribution of each of the 
exposure routes to the total PAH body burden (17). 
The objective of this study was to determine to what extend PAH contamination 
of the skin of workers contributes to the total PAH body burden 
Study design and methods 
Aluminium is formed by electrolytic reduction carried out in carbon-lined steel 
shells which serve as cathodes. Carbon anodes are immersed in the molten 
mixture of alumina and cryolite. The cells are commonly known as pots. During 
electrolysis the carbon anodes are consumed by oxygen forming carbon monoxide 
and carbon dioxide In an aluminum plant of the pre-bake process type, anodes are 
produced in the electrode production departments, paste plant and bake oven. In 
these departments large amounts of PAH are released 
Workers of three electrode production departments in a primary aluminum plant in 
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The Netherlands were involved in the study: the paste plant (during mixing and 
shaping of the anode) (N = 8), the bake oven (baking of the anode) (N = 5), and the 
pot relining department (N = 7). We performed air monitoring to determine the 
concentration of PAH in breathing air, skin monitoring to assess the regional skin 
contamination and biological monitoring to assess total internal exposure to PAH. 
Personal air samples and skin contamination samples of the workers were taken 
during five consecutive shifts (8:00-16:00 h) in April/May 1989. On the same 
five days, spot urine samples just before (pre-shift = 8:00 h) and immediately 
after the shift (post-shift = 16:00 h) were collected. Control urine samples were 
available from 32 persons working in the cast house of the plant. 
Interviews were conducted by a trained interviewer using a questionnaire about 
smoking habits and alcohol consumption. 
Personal Air Sampling 
Airborne particulates were collected during working hours on a PTFE filter 
(diameter 25 mm, pore size 0.5 //m, Millipore) using samplers, which were 
equipped with a cone over the face. When used in conjunction with a suction flow 
of 2 L/min (Dupont air samplers, model P4000 and S2500), this produces a 
suction velocity of 1.25 m/sec in the face entrance, according to the 
recommendations of the Staubforschungsinstitut (18). After sampling the filters 
were stored in the dark at -20 CC. The samples were analysed for PAH within 
three weeks. The filters were ultrasonically extracted for 30 minutes with 
acetonitrile. РАН-analyses were conducted on HPLC with fluorescence detection 
(column Vydac С18, temperature 20 °C). The air samples were analysed for 12 
different PAH. The selected compounds included PAH with 3, 4, 5 and 6 aromatic 
rings: phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, chryse-
ne, benz(b)fluoranthene, benz(k)fluoranthene, benzo(a)pyrene, benz(ghi)perylene, 
dibenz(a,h)anthracene, indenod ,2,3-c,d)pyrene. 
Skin monitoring 
Skin contamination of the workers was measured with an exposure pad on three 
skin sites: the jaw/neck, the palmer site of the wrist and the groin (upper leg, 
underneath the clothing) (see figure 1). Pads are round monitoring devices ( 0 
60mm) with a small monitoring area ( 0 18 mm). Flexible polypropylene filter 
material (Gelmann Sciences) was used as adsorbing material in the exposure pad. 
The design of the exposure pad has been published elsewhere (17). At the 
beginning of the shift (8.00 h) pads were pasted on the skin and immediately after 
work (16.00 h), the pads were removed, packed in aluminumfoil and stored at -20 
°C until analysis. The pads were analysed for pyrene and benzo(a)pyrene. The 
determination of PAH on the pad has been presented elsewhere (17). 
Biological monitoring: 1-hydroxypyrene ¡η urine 
The pre-shift and post-shift urine samples were stored at -20 "C till analysis. 
Metabolites in urine were deconjugated by enzymic hydrolysis and a solid phase 
sample clean-up was applied. HPLC-analysis allowes the determination of the sum 
of free and conjugated 1-hydroxypyrene in urine at the nmol/l level. The reproduci­
bility (C.V. = 11.6%) of the analysis of urinary 1-hydroxypyrene was determined 
by a repeated analysis of 30 at random selected urine samples. A full description 
of the method is presented elsewhere (19). Urinary 1-hydroxypyrene 
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Figure 1. The sites of the 'exposure-pads' on the skin of the workers. 
concentrations were corrected for creatinine. Correction with very low or high 
creatinine values are not reliable. Therefore, urine samples with a creatinine 
concentration beyond the range of 4-34 mmol/l were excluded for the data analy-
sis. 
Statistical analysis 
Exposure variables were presented with the geometric mean (GM) being more 
representive of a skewed distribution of data than the arithmetic mean (AM). 
Correlation was qualified with Spearman's rank correlation analysis (rs). Data 
below the detection limit were processed as having the numeric value of half of 
the detection limit. The five-day mean was presented as the median of the daily 
geometric means because the exposure variables were monitored among the same 
group of twenty workers during 5 days. Correlation coefficients were presented as 
the median of values of 5 (or 4) days. Data analyses were performed with the 
SAS computer software package. 
Results 
Personal Air Sampling 
The individual pyrene concentration in the breathing air ranged from 0.09 to 318 
¿/g/m3 with an average of 8.5 //g/m3 (geometric mean, median value of 5 days). 
The highest pyrene concentrations in breathing air were measured among workers 
in the pot relining department. The air concentration of pyrene in this department 
was in average 12-times higher than the concentration in the breathing air of the 
workers in the paste plant and even 60-times higher than in the bake oven (see 
table 1). 
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Table 1. Concentrations of particulate pyrene and benzo(a)pyrene in breathing air 
of workers at three work sites in a primary aluminum plant (in pg/m3). 
Work site 
Paste plant I8 workers) 
Bake oven (5 workers) 
Pot relining (7 workers) 
Breathing air concentration (¿/g/m'l, GM* 
Pyrene 
5.0 (3.8-8.4) 
1.0 (0.5-1.8) 
60.4 (22.9-76.51 
Benzolalpyrene 
1.3 (1.2-3.0) 
0.3 (0.1-0.4) 
1.2 (1.0-2.21 
a: The geometric mean given is the median value of 5 days. 
The range of the geometric means (N = 5) is given in parentheses. 
Spearman correlation coefficient between pyrene and total PAH concentration in 
air of 20 workers was rs = 0.98 (median value of 5 days, range 0.97-1.0). This 
highly significant correlation was found at all three work sites: paste plant (8 wor-
kers) rs = 0.98 (range: 0.79-1.0), bake oven (5 workers) rs = 0.90 (range: 0.60-
1.00) and pot relining department (7 workers) rs = 0.96 (range: 0.89-1.00)). The 
strong positive correlation was also found by Tolos et al. in an American aluminum 
reduction plant (20). Therefore, pyrene appeared to be a good marker compound 
to assess total PAH concentration (the sum of the 12 PAH analysed) in breathing 
air. 
Skin monitoring 
The dermal pyrene contamination of workers, as measured with exposure pads, 
was different per skin site and per work site (see table 2). The individual pyrene 
contamination ranged up to 375 ng/cm2. The highest pyrene contamination (of the 
three skin sites sampled) was found on the wrist (GM = 69.0 ng/cm2, median value 
of 5 days) followed by the jaw/neck (29.4 ng/cm2) and the groin (14.8 ng/cm2). 
The groin showed substancial contamination despite the fact that this skin site is 
covered with working clothes. The benzo(a)pyrene contamination was even 
comparable with the jaw/neck skin site (both 4.0 ng/cm2). The pyrene 
contamination of the jaw/neck skin site was approximately 2 times higher then the 
contamination of the groin. Workers in the pot relining department had the highest 
pyrene contamination at all three skin sites. 
Biological monitoring 
The 1-hydroxypyrene concentration in urine ranged between 0.17 and 26.9 
pmoìlmoì creatinine. To illustrate the time course of 1-hydroxypyrene excretion in 
urine the results of the bake oven workers are presented (figure 2). There was an 
increase of urinary 1-hydroxypyrene concentration during work-shift (8.00-16.00 
hours) and in the course of the week. A decrease was observed during the period 
between two work shifts, although in cases of a relative high urinary 1-
hydroxypyrene concentration it did not reach the 1-hydroxypyrene concentration 
of the pre-shift urine sample of the day before. This is in agreement with the 
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Table 2. Pyrene and benzo(a)pyrene contamination on three skin sites: wrist, 
jaw/neck and groin fin ng/cm2) of workers in primary aluminum plant 
(work sites: paste plant, bake oven and pot re/ining department). 
SKIN CONTAMINATION (ng/cm2); Geometric Mean' 
WORKSITE WRIST JAW/NECK GROIN 
Pyrene BlalP Pyrene B(a)P Pyrene B(a)P 
Paste Plant (Θ workers) 64.3 15.2 21.6 4.1 11.1 3.8 
(37.4-69.11 (11.5-28.41 (14.4-22.3) (2.4-14.1) (6.0-16.8) (1.6-6.2) 
Bake Oven (5 workers) 42.0 29.6 30.8 2.2 12.9 3.2 
(30.3-59.5) (7.6-34.2) (22.5-42.7) (2.1-7.0) (7.4-17.3) (1.6-22.8) 
Pot Relinino (7 workers) 150.7 18.5 44.5 3.7 29.9 4.7 
(77.1-192.4) (16.9-25.2) (26.8-65.9) (3.1-9.3) (20.3-40.7) (3.0-4.9) 
a: The Geometric mean given is the median value of 5 days. 
The range of the geometric means (N = 5) is given in parentheses. 
Figure 2. Urinary 1-hydroxypyreen concentrations in pre-shift and post-shift 
samples (in μmol/mol creatinine) on five consecutive days from bake 
oven workers (primary aluminum industry). 
urinary hpU (pmol/mol) 
1 6 ι 1 1 1 1 1 Γ 
0 β 16 24 32 40 48 56 64 72 80 88 96 104 112 120 
time (h) 
—*- worker 4 —+— worker 14 -*- worker 16 
-β- worker 71 -*- worker 81 
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reported elimination half-life of 1 -hydroxypyrene of 6 - 35 hours (15). 
Table 3 shows the increase in the 5-day period of the metabolite in urine of 
workers of the three departments. The highest concentrations and increases were 
found among workers in the pot relining department. The urine samples of the 
control group (workers in the cast house) showed no significant increase of 1-
hydroxypyrene concentration over 5 days and are all (except two observations out 
of 64) within the range of normal 1-hydroxypyrene concentration in urine. 
The effect of smoking and use of alcoholic drinks on urinary hydroxypyrene 
concentrations was tested in the control group. Smoking controls showed higher 
urinary hydroxypyrene concentrations in both pre-week and post-week urine 
samples. A significant effect of both smoking and use of alcohol on the concen­
tration of 1 -hydroxypyrene in urine samples (pre-week, post-week and increase) of 
the control group was not found (Wilcoxon two-sample test, smoking: p-values 
> = 0.11, drinking: p-values > = 0.09). 
Table 3. Urinary 1-hydroxypyrene concentrations in pre-work-week and post-
work-week samples and the increase during the week (in pmol/mol 
creatinine) from aluminum workers at three work sites: paste plant, 
bake oven and pot relining department (cast house: control group). 
Urinary 1-oh-pyrene concentration (/ЛТІОІ/ГПОІ créât.) 
Geometric Mean* 
Work site Pre-shift Post-shift Increase 
Day 1 Day 5 over 5 days 
Paste plant (n = 8) 0.5B 3.04 2.31 
10.17-1.71) (1.58-7.4) (0.98-5.7) 
Bake Oven (n = 5) 0.94 4.40 3.99 
(0.56-2.421 (0.98-13.1) (-0.33-12.2) 
Pot Relining (n = 7) 0.53 5.96 4.52 
(0.23-1.33) (1.90-12.2) (0.58-11.7) 
Control group (n = 32) 0.32 0.50 0.18 
(0.11-1.36) (0.17-1.5) (-0.98-1.31) 
a: the range of values is given in parentheses 
Correlation analysis 
In order to study the contribution of skin contamination to the internal exposure to 
PAH a Spearman correlation analysis of skin contamination versus urinary 1-
hydroxypyrene was performed. This was compared with the correlation between 
pyrene air concentration and urinary 1-hydroxypyrene. Due to the fact that the 
half-life of the pyrene body burden is estimated between 6 - 3 5 hours (15), the 
correlation of pyrene breathing air concentrations and pyrene skin contamination 
versus: 1° 1-hydroxypyrene concentration in the post-shift urine of the same day, 
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2" 1 -hYdroxypyrene concentration in the pre-shift urine of the day after, were both 
calculated. In table 4 the median of the daily correlation coefficients is given 
because the same group of 20 workers was monitored during 5 days. Moreover, 
the correlation of the 5-day average exposure variables versus the average 
increase of 1 -hydroxypyrene concentration was also studied to minimize the effect 
of the delayed excretion on the correlation analysis. 
The correlation between skin contamination (per skin site) and post-shift urinary 1-
hydroxypyrene was higher than the correlation between pyrene air concentration 
and post-shift urinary 1 -hydroxypyrene, but did not differ significantly (a paired T-
Test: p-values > 0.23, N = 5 was performed because the data were normally 
distributed (Wilk-Shapiro Test: p-values > 0.22)). The correlation between pyrene 
air concentration and urinary 1-hydroxypyrene concentration was significant 
higher when correlating it with the pre-shift urine of the day after instead of the 
post-shift urine of the same day (rs = 0.47 versus rs = 0.25; a paired T-Test: p-
value = 0.02, N = 4). 
Table 4. Correlations (Spearman correlation test) of both pyrene skin 
contamination and pyrene air concentration with urinary 1-hydroxy-
pyrene concentrations (post-shift urine of the same day, pre-shift urine 
of the day after and increase during the work week) among 20 workers 
in primary aluminum industry. 
Pyrene 
Spearman correlations (r,) 
Correlation coefficient 
1 -OH-pyrene in urine 
Post-shift urine Pre-shift urine Increase during 
of same day of day after week (5 days) 
Air concentration 
Wrist pad 
contamination 
Jaw/Neck pad 
contamination 
Groin pad 
contamination 
0.25 
(0.04-0.46) 
0.40 
(0.09-0.59) 
0.47 
(-0.04-0.78) 
0.49 
(0.18-0.66) 
0.47 
(0.11-0.64) 
0.50 
(0.49-0.52) 
0.32 
(0.13-0.61) 
0.51 
(0.23-0.59) 
0.18 
0 3 0 
0.28 
0.28 
a) the correlation coefficient given is the median value of 5 days. 
The range of the correlation coefficients (N = 5) is given in parentheses. 
b) the correlation coefficient given is the median value of 4 days. 
The range of the correlation coefficients (N =4) is given in parentheses. 
c) the increase of urinary 1 -hydroxypyrene is correlated with the geometric 
mean of 5 days of the breathing air concentration, and the skin contami-
nation (per skin site). None of the correlations are significant (p>0.05) . 
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Although neither week average pyrene skin contamination nor week average 
pyrene air concentration correlated significantly with the increase of urinary 1-hy-
droxypyrene concentration during the week (probably because of the low number 
of observations (N = 20)), higher correlation coefficients were found between skin 
and urine data than between air and urine data. Multiple regression analysis of the 
dependent variable 'urinary hydroxypyrene' and the determining variables 'pyrene 
concentration in air' and 'pyrene on pads' did not result in more insight; the 
explained variance of the model was low (adjusted R2 < 0.36). 
Discussion 
Table 1 and 2 show that the differences in pyrene air concentration between the 
work sites are much higher than the differences in skin contamination. The large 
differences in pyrene air concentrations between the work sites do not result in 
equal differences in urinary 1-hydroxypyrene concentration (see table 3). If the 
uptake of pyrene via the respiratory tract indeed contributes to most of the total 
body burden (as generally assumed), one would expect a much higher increase 
over the week of the urinary 1 -hydroxypyrene concentration in urine of workers in 
the pot relining department, compared to those in the paste plant and the bake 
oven. The data suggest that either breathing air concentrations are not a good 
measure to estimate the dose of pyrene via the lungs, or the uptake through the 
respiratory tract is only minimal compared with dermal absorption. 
The total pyrene skin contamination of workers participating in this study is 
estimated by using the following formula: 
Skin contamination = Sc * Cc + Su * Cu 
where Sc = covered skin area (cm2); Cc = contamination on covered skin 
(ng/cm2); Su = uncovered skin area (cm2); Cu = contamination on uncovered skin 
(ng/cm2). The average body area is 19,000 cm2, of which we estimated 17,000 
cm2 to be covered with working clothes. Table 2 shows that the average 
contamination of the covered skin is circa 15 ng/cm2 and of the uncovered skin 
circa 70 ng/cm2. Assuming equal adsorption characteristics of the polypropylene 
filter of the exposure-pad and the human skin, the daily skin contamination is 
approximately 395 ¿/g pyrene. 
The total pyrene intake of the respiratory tract is calculated as follows: 
Respiratory intake = [C] · RV * Τ * R · 100/PP 
where 1С] = particulate pyrene concentration in air (//g/m3); RV = respiration 
volume (m3/hour); Τ = working time (hours); R = retention in respiratory tract; PP 
= percentage of total pyrene as particulate matter. Assuming an average 
particulate pyrene concentration in breathing air of 10 //g/m3, a percentage of 
particulate pyrene in air of 60% (measured by Bjorseth et al. in a potroom (22)), a 
respiration volume of 10 m3/8 hours and a retention of 50%, the daily respiratory 
intake is approximately 63 //g pyrene. 
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The calculations of the daily skin contamination and respiratory intake indicate 
that among aluminum workers the total skin contamination is larger than the 
respiratory intake. 
Table 4 shows that pyrene contamination on skin correlates equal or better with 
urinary 1-hydroxypyrene than pyrene air concentration does. The relationship 
between pyrene air concentration and pyrene skin contamination might effect the 
result of the analyses. The correlation coefficients are: rs „„„, ._= 0.59, rSi| lwftMk. 
„ = 0.26, groin: rSvon.m= 0.36 (median values of 5 days). These low correlation 
coefficients indicate that there is only a minor auto correlation effect. 
To make a more accurate assessment of the skin contamination it is necessary to 
study whether the contamination of the polypropylene filter, used as pseudo skin 
in the exposure pad, reflects the actual contamination of the human skin. To 
assess the internal dose resulting from skin absorption, it is very necessary to 
research absorption kinetics of PAH. Data on absorption kinetics of PAH through 
human skin are very limited. 
The results of this study suggest that the absorption of pyrene through the 
respiratory tract is slower than the absorption through skin. The correlation 
coefficients between pyrene air concentration and urinary 1-hydroxypyrene 
concentration were significantly higher when correlating it with the pre-shift urine 
of the day after instead of the post-shift urine of the same day (rs = 0.25 versus 
rs = 0.47; paired T-Test, ρ = 0.02, N=4). The slow absorption in the respiratory 
tract might be caused by the fact that a fraction of the total amount of inhaled 
pyrene is particle bound. The resorption of the fine fraction deposited in the 
alveolar region is known to be slow. 
Taking into account that the pyrene skin contamination correlates equal or better 
with urinary 1-hydroxypyrene than pyrene air concentration, and that the pyrene 
contamination of the skin is much higher than the respiratory intake of pyrene, it 
is concluded that pyrene uptake through the skin may contribute considerably to 
the pyrene body burden of a worker. Although only pyrene is used as a model 
compound for PAH, it seems likely that this conclusion is also valid for other PAH. 
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Abstract 
Twelve workers of e coke plant in The Netherlands, participated in an intensive skin 
monitoring program combined with personal air sampling and biological monitoring, 
during Б consecutive 8-h workshifts. The purpose of the study was to make a 
quantitative assessment of both the dermal and respiratory intake of polycyclic 
aromatic hydrocarbons (PAH). Pyrene was used as marker compound for both dermal 
and respiratory PAH exposure. The biological parameter for the internal PAH exposure 
was the urinary 1-OH-pyrene concentration. Exposure pad measurements at 6 skin sites 
revealed a mean total skin contamination of the 12 workers that ranged between 21 
and 166 μ<3 pyrene per day. The dermal uptake of pyrene was estimated and ranged 
between 4 and 34 //g/day, which is approximately 2 0 % of the pyrene skin 
contamination. The mean concentration of total pyrene in the breathing zone air of the 
12 coke-oven workers ranged from 0.1-4.8 //g/m3. The mean respiratory uptake of 
pyrene was estimated and varied between 0.5 and 32.2 ¿/g/day. Based on the 
estimates of the dermal and respiratory pyrene uptake it is concluded that in average 
76% (range 28 - 96%, n=12) of the total absorbed amount of pyrene enters the body 
through бкіп. Becauee the difference of the pyrene/benzo(a)pyrene ratio between the air 
samples and the skin contamination samples, we also estimated the dermal uptake of 
benzo(a)pyrene, which was about 5 1 % of the total absorbed amount (range 8-92%, 
n = 12). The total excreted amount of urinary 1-OH-pyrene, as a result of PAH exposure 
during the 6 consecutive workshifts varied between 36 and 239 nmol. A multiple 
regression model of the mass balance between pyrene dose (both dermal and 
respiratory) and 1-OH-pyrene excretion, confirmed the relevance of the dermal exposure 
route. The variation in urinary 1-OH-pyrene excretion is more determined by the dermal 
pyrene dose than by the respiratory dose. The model revealed an estimate of the 
percentage of the absorbed amount of pyrene that is metabolieed and excreted as 1-
OH-pyrene in urine. For the 12 workers this percentage varied between 13 and 4 9 % , 
depending on smoking habits and alcohol consumption. The resulte of this study 
indicate that among coke-oven workers, the skin is the main route of uptake of PAH. 
Preventive measures to reduce PAH exposure should be focussed more on the 
reduction of dermal PAH contamination rather than on the reduction of inhaled dose. 
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Introduction 
Coke-oven workers are highly exposed to polycyclic aromatic hydrocarbons (PAH). 
In coke-ovens bituminous coal is destructively distilled into coke. The emissions 
from a coke-oven are complex mixtures of gases, liquids, and solid particles. The 
airborne particulate matter on top of a coke battery has been shown to contain 
approximately 15 wt% PAH.1 Epidemiological studies have shown that exposures 
in the coke-production industry are carcinogenic to humans, giving rise to lung and 
skin cancer. The possible agent is coal-tar fume that contains high levels of PAH, 
which are found to be carcinogenic in experimental animals.2,3 
To control occupational PAH exposure, treshold limits values (TLV) based on 
airborne concentrations are set in many countries. For example, the treshold limit 
value in the US is based on the benzene soluble fraction of sampled dust 
(TLV = 0.2 mg/m3).4 The German technical guiding concentration (TRK) is based on 
the benzo(a)pyrene concentration in air (TRK = 2 //g/m3).5 
Beside the respiratory tract, the skin may also be an important route of body entry 
of PAH. Application of РАН-containing tars on skin of mice induced local effects 
like papillomas and skin carcinomas, but also systemic DNA-damage in tissues like 
lungs and heart.8 7 Coal-tar ointment application on skin of healthy male 
volunteers resulted in a 6 to 10-fold increase of the urinary 1-OH-pyrene excretion 
rate (unpublished data). This metabolite of pyrene is increasingly being used and 
more and more accepted as a biological indicator of the internal dose of PAH.8"12 
Occupational dermal PAH contamination has been measured in several work 
environments using exposure-pads (polypropylene filter in plaster material) as a 
pseudo-skin monitoring technique. Among road paving workers skin contamination 
of pyrene, after a workshift of 8 hours, ranged up to 1400 ng/cm2.13 In the 
primary aluminum industry skin contamination levels of pyrene were found in the 
range of 6 - 192 ng/cm2, and benzo(a)pyrene in the range of 2 - 34 ng/cm2.14 In 
these studies substantial contamination (up to 106 ng/cm2) was also detected on 
exposure pads which were pasted underneath 'protective' working clothes. 
Determination of total PAH in skin oil revealed a contamination of 97 ng/cm2 
(mean value) on the forehead of roofing workers.15 Among primary aluminum 
workers we found that the РАН-contamination on skin showed a better correlation 
with urinary 1-OH pyrene excretion than PAH concentration in breathing zone 
air.14 However, a quantitative assessment of the dermal intake could not be 
made. 
In the present study among 12 coke-oven workers, we conducted an intensive 
skin monitoring program combined with personal air sampling to make a 
quantitative assessment of both skin contamination and respiratory intake. A 
model to estimate the dermal dose of pyrene based on PAH-contammation 
measurements is given. A mass balance of input (estimated dermal and respiratory 
pyrene dose) and output (1-OH-pyrene in urine) is presented. 
Study design and methods 
The study was carried out among 12 workers at a coke plant in The Netherlands 
in September 1990 The 12 workers belong to one crew and represent operating, 
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maintainance and supervisory personnel. Personal data of the workers are 
presented in table 1. 
The coke plant, which comprises 2 batteries, consists of 110 ovens in parallel 
rows and produces approximately 600 000 tonnes of coke/year. Five crews of 18 
workers and a group of special maintainance personnel work in the vicinity of the 
battery. The coal is destructively distilled into coke at a temperature of 
approximately 1270 °C during 18-19 hours. On average, about 47 ovens are 
pushed per shift of 8 hours. About 95% of the workers wear an overall during 
working hours, which is dry-cleaned after a workperiod of 3-5 workshifts. The 
workers, who work in the vicinity of the ovens, are provided with an air stream 
helmet. Approximately 60% of the workers use it more than 4 hours per 
workshift, 20% do not use the air stream helmet. 
Table 1. Personal data and characteristics of workers. 
personal 
code 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
и 12 
function/ 
work location 
push aide 
puah side 
supervLaor 
top aide 
auperviaor 
quencher car 
coke-ecreenlng 
puah aide 
mlecellaneoua 
mlacellaneoua 
coke aide 
coke a Lde 
«9· 
(yeara) 
24 
46 
ЗЭ 
28 
42 
59 
52 
29 
28 
25 
27 
20 
alcohol* 
0 
0 
0 
0 
smoking* 
0 
1 
1 
0 
0 
1 
1 
1 
1 
0 
1 
1 
height 
(rm| 
187 
178 
182 
176 
182 
180 
17« 
178 
170 
173 
178 
180 
body 
weight 
(kg) 
75 
86 
94 
78 
93 
100 
84 
70 
80 
68 
87 
52 
reaplratlon 
Intensive 
activitiea 
34.4 
25.3 
28.3 
21.6 
37.7 
15.S 
32.9 
19.3 
15.7 
20.7 
20.3 
36.9 
(2.8) 
(2.8) 
(4.2) 
(3.5) 
(3.5) 
(3.9) 
(4.9) 
(2.8) 
(4.0) 
(3.5) 
(3.5) 
(3.5) 
volume (L/mln)' 
non-intenaive 
activitiea 
21.6 
18.5 
17.8 
19.9 
13.8 
15.0 
10.5 
14.8 
13.5 
12.4 
8.4 
26.4 
(5.2) 
(5.2) 
(3.9) 
(4.5) 
(4.5) 
(4.5) 
(3.1) 
(5.2) 
(4.0) 
(4.5) 
(4.5) 
(4.5) 
alcohol use during week of meaaureinentar l*yea, 0-no. 
amoking of tabacco: l=yes, 0-no. 
valuea are converted to the atmoapheric pressure and saturation at body temperature (BTPS)r 
the duration of the werkperiode (in hours) with physically lntenalve and non-intensive 
work activities is given in parentheses. 
Environmental monitoring to determine PAH contamination on skin and the 
concentration of PAH in breathing zone air was conducted during 5 consecutive 8-
h workshifts (14.00 - 22.00 h). The biological monitoring program to determine 
the internal exposure to PAH of the workers, lasted 7 days (the same five 
workshifts followed by a two day of f-work period). Interviews were conducted by 
a trained interviewer using a questionnaire about personal characteristics, 
including age, weight, height, smoking habits and alcohol consumption. 
Monitoring of skin contamination 
Skin contamination of the workers was measured with an exposure pad on six 
skin sites: the jaw/neck, shoulder, upperarm, wrist, groin and ankle (see figure 1 ). 
The exposure pads are round monitoring devices ( 0 60mm) with a small 
monitoring area ( 0 18 mm). Flexible polypropylene filter material (Gelmann Scien­
ces) was used as adsorbing material in the exposure pad. The design of the 
exposure pad has been published elsewhere.13 At the beginning of the shift 
(14.00 h) pads were pasted on the skin and immediately after work (22.00 h) the 
pads were removed, packed in aluminumfoil and stored at -20 °C until analysis. 
The effective monitoring area of the exposure pad (1.77 cm2) was punched out 
and ultrasonically extracted for 10 minutes with dichloromethane (10 mL). After 
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Figure 1. The skin sites where exposure pads are mounted for the monitoring of 
dermal PAH contamination. 
centrifugation (2000 rpm, 5 minutes), the extract was analysed with high 
performance liquid chromatography (column Vydac C18, temperature 40°C) with 
multiple shift fluorescence detection (LS-4, Perkin Elmer! for pyrene and 
benzo(a)pyrene. The recovery of the analysis of pyrene and benzo(a)pyrene on 
exposure pads was 80 % and 100 % respectively. 
Monitoring of breathing zone air 
During working hours, airborne particulates in the breathing zone air were 
collected on a Teflon filter (PTFE-filter: diameter 25 mm, pore size 0.5 μπ\, 
Millipore) using samplers, which were equipped with a cone over the face. Three 
of the 12 workers (worker 4, 8 and 12) wore on day 2,3 and 5 an adsorbent tube 
directly behind the sampler to trap the gaseous phase. The adsorbent tube 
contains XAO-2 resin as adsorbens (ORBO 43, supplier: Supelco, USA). In con­
junction with a suction flow of 2 L/min (Dupont air samplers, model P4000 and 
S2500), a suction velocity of 1.25 m/sec was produced in the face entrance. 
After sampling, both the PTFE filters and the adsorbent tubes were stored in the 
dark at -20 °C until analysis. The samples were analysed for pyrene and 
benzo(a)pyrene within three weeks after sampling. The filters and XAD-2 
adsorbens (from both the front and back-section of the adsorbent tubes) were 
similarly extracted and analysed as the exposure pads (see above). The recovery 
of pyrene and benzo(a)pyrene on the PTFE filters was 70% and 100%, 
respectively. In extracts of the XAD-2 adsorbens no benzo(a)pyrene was detected; 
the recovery of pyrene was 70%. 
To determine the average daily respiration volume of the workers, the workshift 
was devided in. time with intensive physical activity and time with non-intensive 
physical activity (see table 1). In both periods the respiration volume of the 
workers and the temperature of exhaled air was measured with a portable gas-
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meter (supplier: Zentralwerkstatt Göttingen G.m.b.H, Göttingen, Germany) during 
10 minutes, according to Kofranyi and Michaelis.16 To be able to compare the 
results of the measurements the volumes were converted to the atmospheric 
pressure at the moment of measurement and to saturation at body temperature 
(BTPS-value).17 
Biological monitoring 
During the five workdays, spot urine samples were collected prior to, at 14.00 h, 
and immediately after the workshift, at 22.00 h. In the two-day off-work period, 
following the workweek, urine was collected at the same hours: at 14.00 and 
22.00 hours. The urine samples were stored at -20 °C until analysis. Metabolites 
in urine were deconjugated by enzymic hydrolysis and a solid phase sample cle-
an-up was applied. HPLC-analysis allowes the determination of the sum of free 
and conjugated 1 -hydroxypyrene in urine at the nmol/L level. The reproducibility 
(coefficient of variation = 12%) of the analysis of urinary 1-hydroxypyrene was 
determined by a repeated analysis of 30 at random selected urine samples. A full 
description of the method is presented elsewhere.18 Urinary 1-hydroxypyrene 
concentrations were corrected for creatinine. Correction with very low or high 
creatinine values are not reliable. Therefore, urine samples with a creatinine 
concentration beyond the range of 4-34 mmol/L were excluded from the data 
analyses. 
Calculations of the dermal dose 
The absorbed amount of PAH at a skin-region, after a workshift of 8 hours, is 
assumed to be equal to the total contamination of the skin-region, as measured 
with exposure pads, minus the remainder after 8 hours: 
Π ) ^absorbed ι = * contamination ι ~ ^nmaJnder, 
where X^^bed,! = amount of pyrene absorbed at skin-region, (ng/cm2); Xeon,«,™*»,,) 
= pyrene contamination on skin-region, (ng/cm2); XrKnmlm., = amount of pyrene 
remaining on skin-region, (ng/cm2). 
The remainder of PAH on skin after a workshift is assumed to be determined by 
two rate processes: the contamination rate and the dermal absorption rate. The 
differential equation describing the remainder of PAH on a skin-region, based on a 
zero-order contamination and a first-order absorption process, is the following: 
/«г <ІХгетаІповг.І _ _
 k y 
where m,= pyrene contamination rate at skin-region, (ng/cm2/hour); k,, = pyrene 
absorption rate constant at skin-region, (1/h); t = time after begin of exposure (h). 
The pyrene contamination rate is calculated by deviding the pyrene contamination 
of the exposure pad (ng/cm2) by the hours of exposure. The contamination of the 
exposure pad at a skin-site, as measured in the skin monitoring program, is 
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preposed to represent the dermal contamination of a whole skin-region during the 
workshift of 8 hours. Each skin-region represents a percentage of the total body 
area (see table 2).1 β 
The total body surface of a worker is based on weight and height, using the 
formula proprosed by Du Bois and Du Bois.20 
(3) tota/ body area - 71.84 • weight043S *hofghtons 
where total body area is expressed in cm2, weight in kg and length in cm. 
Table 2. The area of the skin regions and PAH absorption rate constants used in 
dermal dose calculations. 
ekln site 
of exposure 
jaw/neck 
shoulder 
upperarm 
wrist 
groin 
ankle 
pad 
skin region 
head 
neck 
shoulder 
back 
chest 
upperarms 
forearms 
hands 
hips 
thlghte 
calves 
feet 
% of 
body 
6.8 
22.8 
9.7 
6.7 
5.6 
27.1 
19.9 
total 
area' 
PAH absorption 
rate constant*1 
0.06S (0.008) 
0.135 (0.027) 
0.070 (0.007) 
0.070 (0.007) 
0.037 (0.005) 
0.053 (0.010) 
0.036 (0.003) 
a» adapted from Popendorf and Lettlngwell" 
b« mean dermal absorption rate constant of 4-or mora fused-ring PAH 
(1/hour) and S.E.M. as determined in a previous study 
(unpublished data) 
Table 2 presents the mean absorption rate constant of 4-or more fused-ring PAH 
at various skin sites, as determined after coal-tar ointment application on skin of 
healthy volunteers (unpublished observations). 
Combining formula (1) and the integrated form of equation (2) leads to equation 
which enables calculation of the absorbed amount of pyrene at a skin-region 
during a workshift: 
(4) Хщысл^цт - И · 7) - ( ^ · (1 - в**' T)) 
K
*J 
where Τ = duration of workshift (h). 
The total amount of pyrene which is absorbed through skin during the workshift is 
calculated as follows: 
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(5) Dermal Dose = Σ (Χ*,οώ«α.τ * ***) 
/•ι 
where dermal dose = total absorbed amount of pyrene during workshift (ng); area, 
= area of skin-region, (cm2); η = number of skin-regions. 
Statistical analysis 
Exposure variables were presented with the geometric mean (GM) being more 
representive of a skewed distribution of data than the arithmetic mean (AM). Data 
below the detection limit were processed as having the numeric value of half of 
the detection limit. Correlation was qualified with Spearman's rank correlation 
analysis (rs). Multiple regression analysis was carried out to study the relationship 
between both dermal and inhalatory exposure and internal dose. The residuals 
were checked for the normal distribution assumption. None of the analyses 
showed major deviation from this assumption. Statistical analyses were performed 
with the SAS computer software package, version 6.0. 
Results 
Monitoring of skin contamination 
The exposure pads mounted on the jaw/neck site and the wrist revealed the 
highest pyrene contamination in comparison with the other skin sites (shoulder, 
groin, ankle and upper arm), of which the pyrene contamination was in average 3-
fold lower (see table 3). The pyrene contamination on exposure pads mounted 
underneath protective clothing ranged up to 23 ng/cm2. The pyrene contamination 
on skin of coke-oven workers shows a high dispersal. 
Figure 2b illustrates the inter-day variation of the pyrene contamination on the 
jaw/neck exposure pads of worker 4 (top-side of oven) and worker 11 (coke-side 
of oven) during the 5 workshifts. 
Based on the exposure pad measurements at 6 skin sites, total pyrene skin 
contamination was calculated (see table 4). The mean total skin contamination of 
the 12 workers after a exposure of 8 hours ranged between 21 and 166 jug 
pyrene (GM, η = 5). The highest pyrene skin contamination was found among 
workers at the coke-side and top-side of the ovens: 166 //g and 101 до 
respectively (GM, η = 5). 
Applying formula (5) resulted in an estimate of the daily dermal dose of pyrene 
after an exposure of 8 hours, which ranged between 4 and 34 //g. The highest 
dermal pyrene dose was calculated for a worker at the coke-side and at the top­
side of the oven, 34 />g and 22 /sg respectively (GM, η = 5). It means that 
approximately 22% of the pyrene contamination on the skin of a worker enters 
the body (range: 20.3-25.2%, n = 12). 
The dermal week-dose of pyrene for each worker, which is the sum of 5 daily 
skin-doses, is presented in table 4. The dermal week-dose varied between 119 
and 893 nmol pyrene. 
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Monitoring of breathing zone air 
Personal air measurements of both the gaseous and particulate pyrene, revealed 
an amount of pyrene in the gas-phase which was equivalent with 29% of the 
amount of particle bound pyrene (GM, range: 13-46%, η = 9). The concentration 
of total pyrene, both particulate and gaseous pyrene, in breathing zone air of the 
workers, of whom only particulate pyrene was sampled, was calculated assuming 
that the amount of pyrene in the gas-phase was 29 % of the sampled particulate 
pyrene. 
The week average concentration of total pyrene in the breathing zone air of the 12 
coke-oven workers ranged from 0.1 - 5.4 |/g/m3 (GM, η = 5). The worker at the 
top-side of the oven had a pyrene concentration in breathing zone air of 3.0 //g/m3 
(GM, η = 5). The coke-side workers had a mean pyrene concentration in breathing 
zone air of 3.3 and 5.4//g/m3 (GM, η = 5). 
Figure 2c shows the total pyrene concentration in breathing zone air of worker 4 
and worker 11 during 5 workshifts. The pyrene breathing zone air concentration of 
worker 4 varies between 1.5 and 7.9 />g/m3, while worker 11 had a rather 
constant pyrene concentration in his breathing zone air of 3.3 ¿/g/m3 (GM, η = 5). 
The daily respiratory dose is calculated as follows: 
(6) Respiratory Руг п Dose = 
ИРУ',* * RF^pJ * (pyr^ . RF^gJf + {руг^ * RFQ,.^) * RV 
where pyrp e, = particulate pyrene concentration in breathing zone air Ц/g/m3); 
RFbno.p«t = resorption factor of inhaled particulate pyrene that is deposited in the 
lungs = deposited fraction * particle elution = 0.125 * 1 = 0.125; pyr 9 - = 
gaseous pyrene concentration in breathing zone air U/g/m3|; RF^,,,. = resorption 
factor of inhaled gaseous pyrene in the lungs = 0.7; R F
№ № 1 = resorption factor 
of inhaled particulate pyrene that is swallowed (gastro-intestinal tract) = 
swallowed fraction · absorption efficiency = 0.625 * 0.40 = 0.25; RV = total 
respiration volume during 8-hr workshift (m3). 
For estimating exposure to particle-bound chemicals, it is generally assumed that 
approximately 25% of inspired particulates are exhaled, 12.5% are deposited in 
the lower respiratory tract and 62.5% is eliminated from the lungs and 
swallowed.21 It is assumed that the elution of pyrene from the deposited particles 
in the lower respiratory tract is 100%, and that of the swallowed fraction of the 
particle-bound pyrene 40% is absorbed in the gastrointestinal tract.2 2 '2 3 An 
resorption factor of 70% is assumed for inhaled gaseous pyrene. 
The respiration volume during the hours of work is based on the measured 
respiration volume of the workers during physically intensive and non-intensive 
working hours, which varied between 8.4 and 37.7 L/min (see table 1), and 
calculated using the following formula: 
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Figure 2. Urinary 1-OH-pyrene excretion (al. pyrene contamination on exposure 
pads at the jaw/neck (b), and pyrene breathing zone air concentrations 
(ci of a topside worker (9—91 and a coke-side worker (•*—•/ during a 
period of 7 days. The shaded areas are the 8-hr workshifts. 
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(7) RV (WP, * rv) • (rVP„_, » rv„_) 
1000 
where WP = workshift with physically intensive (i) or non-intensive (η-i) activities 
(hours); RV = respiration volume during physically intensive (i) or non-intensive |n-
i) activities (L/hour). 
The average respiration volume of the 12 monitored workers during a workshift of 
8 hours ranged between 6.9 and 15.2 m3 (AM: 10.1 m3/B hours, SD = 2.7,n = 12). 
The estimated daily respiratory pyrene dose of the 12 workers varies between 0.5 
and 33.3 pg (GM, η = 5). The highest mean respiratory dose during a workshift of 
8 hours was calculated for a worker at the coke-side of the oven: 33.3 pQ pyrene 
(GM, η = 5), and at the top-side of the oven: 12 pg pyrene (GM, η = 5). The results 
of the calculations of the respiratory week-dose are presented in table 4. For the 
12 workers, the respiratory week-dose of pyrene, which is the sum of the 5 
workshifts, varied between 12 and 918 nmol. The top-side worker (worker 4) and 
a coke-side worker (worker 12) had the highest respiratory week-dose of 362 and 
918 nmol pyrene, respectively. 
Table 4. Estimates of daily pyrene exposure, the pyrene uptake during 5 days 
(input/ and the total urinary 1-OH-pyrene excretion during 7 days 
(output), of 12 cokeoven workers. 
pareonal 
cod· 
1 
2 
3 
4 
S 
6 
7 
β 
9 
10 
11 
12 
madlen 
function/ 
work location 
push aide 
puah aida 
auparviaor 
top aid« 
auparviaor 
quencher car 
coko-ecreenlno 
puah aide 
mlacallanaoua 
mlecellaneoue 
сока aida 
сока aida 
Dally eapoaura 
pyrena 
akin 
contateli 
1^3) 
se. β 
94.9 
вз.4 
101.0 
76.1 
27. 5 
21.2 
93.1 
58.3 
60.2 
165.9 
62.6 
68.2 
nation 
(η-S) 
pyrene 
breathing 
Input (5 
pyrene 
zona air dermal 
concentrât ion 
(С9/і»') 
0.46 
1.01 
1.15 
Э.01 
0.21 
0.29 
0.09 
1.38 
1.27 
0.82 
3.33 
5.37 
1.10 
doae 
(nmol) 
339 
473 
474 
551 
492 
162 
119 
486 
342 
323 
893 
354 
414 
daya) 
pyrene 
raapiratory 
doae 
(nmol) 
«6 
102 
143 
362 
27 
22 
12 
12S 
173 
101 
238 
918 
114 
output (7 daya) 
1-OH-pyrene 
eacretlon in 
urine 
(nmol) 
58 
98 
163 
96 
76 
58 
43 
102 
133 
36 
235 
239 
97 
Biological monitoring 
Figure 2a shows the rate of 1-OH-pyrene excretion in urine of worker 4 and 
worker 11 during a period of 7 days. The urinary 1 -OH-pyrene excretion rate was 
calculated as follows: 
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(8) uOHP„„ = uOHP^ * С^ * bw 
where uOHPral. = urinary 1-OH-pyrene excretion rate (nmol/hour); υ Ο Η Ρ ^ = 
urinary 1-OH-pyrene concentration (nmol/mmol creatinine); Cm* = excretion rate 
constant of creatinine (mmol/hour/kg); bw = body weight (kg). 
Creatinine excretion depends on body weight and shows a rather constant 
excretion rate of 25 mg/24 hours/kg bodyweight (Merck Index, 1989), which is 
equivalent with 0.009 mmol/hour/kg bodyweight. To estimate the total amount of 
1-OH-pyrene excreted as a result of a five day PAH exposure period, we 
determined the area under curve (AUC) corrected for background 1-OH-pyrene 
excretion. Table 4 presents the total excreted amount of 1-OH-pyrene of 12 
cokeoven workers during 7 days as a result of PAH exposure during five 
consecutive workshifts. The total excreted amount of urinary 1 -OH-pyrene ranged 
from 36 to 239 nmol, where the two workers at the coke-side of the ovens show 
the highest 1-OH-pyrene excretion: 235 and 239 nmol 1-OH-pyrene. 
A mass balance 
To determine the relationship between the pyrene dose (both dermal and 
respiratory) and the urinary 1-OH-pyrene excretion, we conducted a multiple 
regression analysis on the data as presented in table 4. The regression analysis is 
performed with week-doses of pyrene, which is the pyrene exposure during 5 
consecutive workshifts, and the 1-OH-pyrene excretion over 7 days, to reduce the 
influence of inter-individual differences in elimination half-time of pyrene on the 
relationship. 
Table 5. Multiple regression analysis of the mass balance: pyrene input versus 
urinary 1-OH-pyrene output." 
Dependent variable! 
Independent 
variables* 
dermal pyrene week dose (nmol) 
respiratory pyrene week dose (nmol) 
smoking (yesal, no*0) 
smoking*alcohoi use (both-1, not both=-0) 
excreted urinary 1-OH-pyrene during 7 days, 
corrected for background excretion (nmol). 
parameter 
estimate 
0.14 
0.13 
67.2 
-45.2 
standard 
error 
0.019 
0.025 
12.3 
14.6 
partial 
R1 
0.Θ2 
0.11 
0.04 
0.02 
F 
53.2 
27.3 
30.1 
9.6 
p-value 
0.0001 
0.0008 
0.0006 
0.015 
a: n*12 
b: the use of alcohol and quetelet Index were excluded from the model because the 
p-value was above the significance level (p-0.05) 
Beside the dermal and respiratory week-dose, also smoking habits, the use of 
alcohol during the week of measurements and the quetelet index (as a measure for 
fat content) were entered in the regression model. The smoking of cigarettes, 
drinking of alcohol and fat content may influence urinary 1 -OH-pyrene excretion. 
The results of the multiple regression analysis show that the dermal pyrene dose, 
the respiratory pyrene dose, smoking and the interaction between smoking and 
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the drinking of alcohol, significantly determine urinary 1-OH-pyrene excretion (see 
table 5). The effect of both the drinking of alcohol and fat content, were above 
the significance level of 0.05 (p = 0.42 and ρ = 0.09, respectively) and 
consequently removed from the model. 
The variation in urinary 1-OH-pyrene excretion is for 9 9 % explained by the 
regression model rather than left to residual error. The estimated parameters of 
the dermal and respiratory pyrene week-dose are 0.14 (SD = 0.019) and 0.13 
(SD = 0.025), respectively. Based on the parameter estimates it is concluded that 
for non-smokers about 13% of the total absorbed pyrene is metabolised and 
excreted as 1-OH-pyrene in urine. For workers who smoke, but do not drink 
alcohol, this percentage was in average two-fold higher (AM = 27%, range 18-
49%, η = 5). For workers who both smoke and drink, it is estimated that about 
2 1 % (AM, range 17-30, n = 3) of the total absorbed pyrene is excreted as 1-OH-
pyrene in urine. 
Discussion 
Data on PAH contamination on skin of exposed workers are very limited. It is 
striking to see the many studies that has been performed, in which PAH are 
applied to skin of experimental animals and to human skin (in vitro) and the little 
effort which is made in the assessment of the PAH skin contamination and its 
relevance among exposed workers. Wolff and co-workers studied PAH in skin oil 
of roofing workers.15 We have measured РАН-contamination among road-paving 
workers and primary aluminum workers.13·14 The relevance of these 
measurements is shown in the present study, in which skin contamination 
monitoring is combined with biological monitoring. 
Based on the estimates of the individual dermal and respiratory dose of pyrene 
(table 4) it is concluded that 28 - 9 5 % (GM = 75%, n = 12) of the total absorbed 
amount of pyrene enters the body through skin. Three major assumptions made 
for these estimates need some comments: (i) An important aspect of the dermal 
dose estimations is, whether the amount on the exposure pad indeed reflects the 
contamination of the natural skin. It might be possible that the PAH adsorption 
characteristics of the polypropylene filter in the exposure pad, differ from the 
adsorption characteristics of natural skin. Among creosote exposed workers, the 
exposure pad measurements tend to underestimate the pyrene contamination on 
natural skin (unpublished observations), (ii) Another assumption, which might 
underestimate the actual dermal dose is that the absorption of pyrene stops after 
the workers have left their working place. However, one might not expect that, by 
taking a shower after work, all of the PAH contamination on skin will be removed, 
and that consequently the PAH absorption will be stopped. Probably this 
underestimation is very limited because in a previous study we found that the 
decontamination efficiency of a washing procedure to remove coal-tar ointment 
from skin, using warm tap water and a cleaner for tar and oil-like contamination, 
was assessed to be more than 9 9 % (unpublished observations), (iii) Another 
factor of unaccuracy might be the absorption rate constants used in the 
calculations. These absorption rate constants are based on surface disappearance 
measurements of PAH, after coal-tar ointment application on skin of volunteers 
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(η=4) at various skin-regions (unpublished observations). Although the inter-
individual differences in the absorption rate constants were minor (7%) in 
comparison with skin-site differences (69%), the standard error of the mean PAH 
absorption rate constant at a skin-site is rather high (see table 2). The presented 
dermal pyrene dose estimates based on variation in absorption rate constants 
between skin-regions did not differ significantly from the calculated dose based on 
one overall average absorption rate constant of 0.066/hour (results not shown). 
Guy and Maibach calculated that the dermal dose of hydrocortisone, malathion 
and parathion will be overestimated 2-3 times when regional differences in 
penetration rate are neglected and only the penetration rate of the forearm is used 
in the calculations.25 
The estimates of the respiratory dose illustrate that the variation in respiration 
volume between the workers may have a great impact on the dose. When 
comparing the estimated respiratory pyrene dose of worker 11 and 12, the dose 
of worker 12 is 4-fold higher although the mean pyrene breathing zone air 
concentration is only a factor 1.6 higher. The 8-hour respiration volume for worker 
12 was 15.2 m3 and for worker 11 only 6.9 m3, despite comparable work 
activities. 
The simultaneous measurement of dermal pyrene exposure, mhalatory pyrene 
exposure and total body burden (urinary 1-OH-pyrene) enables a mass balance 
assessment to control the quality of both the dermal and respiratory dose 
estimates. The presented regression model of the mass balance between both 
dermal and respiratory pyrene dose and urinary 1-OH-pyrene, fitts very well (the 
coefficient of determination (R2) = 0.99). The model also reveals comparable 
estimates of the fraction of both the dermal and respiratory pyrene dose, that is 
excreted as 1-OH-pyrene in urine (0.14 and 0 13, respectively; see table 5). This 
supports the dose estimates, because one might expect that the fraction of 
pyrene, which is metabolised into 1-OH-pyrene and excreted in urine, after it has 
entered the systemic circulation, is independent from the route of entry. It also 
indicates that the dermal pyrene dose, which is in average 3 times higher than the 
respiratory pyrene dose, determines most of the internal dose The smoking of 
cigarettes was found to increase the urinary 1-OH-pyrene excretion after 
occupational PAH exposure. This might be caused by an underestimation of the 
respiratory dose or by an increased metabolic conversion of pyrene. The so-called 
hand-mouth shunt and/or a decreased clearance of particle-bound pyrene from the 
ciliated surface of the respiratory tract, may lead to an underestimation of the 
respiratory dose of workers, who smoke cigarettes. However, the significant 
interaction between smoking and the use of alcohol suggests that the effect of 
smoking on urinary 1-OH-pyrene excretion is more a toxicokinetic effect. 
In order to determine whether the 12 intensively monitored workers have 
exposure levels which are representative for the other workers of the plant, we 
collected spot urine samples of 56 other workers, who also work in the vicinity of 
the coke-ovens. Spot urine samples of these workers were collected just before, 
and at the end of 5 consecutive 8-h workshifts. Control urine samples were 
available from administrative personnel of the plant (n = 14). Figure 3 shows the 
urinary 1 -OH-pyrene concentrations per function or work location of the coke-oven 
workers and controls (in //mol/mol creatinine). The 1 -OH-pyrene concentrations in 
urine of the 12 selected workers were within the range as measured among the 
other РАН-exposed workers of the plant. The results show that workers in the 
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vicinity of the ovens, especially at the top-side, are mostly exposed to PAH. 
About 46% of the workers, who work in the vicinity of the ovens of the coke-
plant had an urinary 1-OH-pyrene concentration that exceeded the recently 
proposed biological exposure limit of 2.3 //mol/mol creatinine.2" The urinary 1-OH-
pyrene concentrations measured among coke-oven workers of this plant ranged 
between 0.2 and 9.3 //mol/mol creatinine. The concentrations measured in 
another coke-plant were of the same range: 0.3 -11 .3 ^mol/mol creatinine.27 
Figure 3. 1-OH-pyrene concentrations in urine of coke-oven workers sampled 
before and after five consecutive workshifts (geometric mean, in 
pmol/mol creatinine). 
function/work location 
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Most of the data on РАН-exposure of workers of other coke-plants are confined to 
air concentrations of PAH, generally benzo(a)pyrene. The mean concentration of 
benzolalpyrene in breathing zone air of the 12 coke-oven workers varied between 
0.01 and 13.9 //g/m3 (data not shown), which is within the range as measured in 
other studies.1,27'31 The particulate pyrene concentrations in breathing zone air 
measured in this study are comparable with those measured in a previous study 
among coke-oven workers of another coke-plant in The Netherlands.27 Data on 
gaseous pyrene in breathing zone air samples of coke-oven workers are scarce. In 
the present study, the percentage of gaseous pyrene of total pyrene varied 
between 1 1 % and 30% (GM = 2 1 % , n = 9). Björseth and co-workers reported a 
mean percentage of 5% in stationary air samples at the battery top.1 Regression 
analysis of the benzo(a)pyrene concentration in air (GM of measurements during 5 
workshifts, in 4/g/m3) and the end-of-week urinary 1-OH-pyrene concentration 
(//mol/mol creatinine) of the 12 workers and controls revealed the following 
mathematical relationship: {end-of-week 1-OH-pyrene} = 0.54 + 1.34 · 
(benzo(a)pyrene in air). With this formula the urinary 1-OH-pyrene concentration 
is estimated for workers, when exposed to the German occupational exposure 
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limit concentration of 2 //g benzo(a)pyrene/m3. This revealed a biological exposure 
limit of 3.2 //mol 1 -OH-pyrene/mol creatinine (95% confidence interval: 2.4 - 4.1) 
which is quite similar with the value of 2.3 //mol/mol as proposed by 
Jongeneelen.29 
Data on dermal PAH contamination of coke-oven workers of other coke-plants are 
not available. Among the coke-oven workers the mean daily pyrene contamination 
on skin ranged between 21 and 166 //g/day. This is lower than the mean pyrene 
skin contamination as estimated for primary aluminum workers (about 400 
ji/g/day).14 The pyrene contamination on exposure pads worn by the coke-workers 
is comparable with those worn by road paving workers, except for the pyrene 
contamination on the wrist pad, which is in average 3-fold higher among road-
paving workers.13 Table 3 shows that the pyrene contamination on exposure pads 
worn by coke-oven workers which have a comparable work location and work 
activities, varies in extent and dispersal (compare for example worker 11 and 12). 
Apparently, both the extent and dispersal of PAH contamination on skin of PAH-
exposed workers are not only determined by work environment, but also by 
function and personal factors. Personal factors which might influence PAH skin 
contamination are personal hygiene, individual working methods, the use of 
protective clothing and cleaning frequency of clothing. 
The suitability of pyrene as marker compound for PAH in air samples is shown in 
a previous study. Particulate pyrene correlated well with the sum of 11 PAHs 
(r = 0.88, n=47).27 In the present study, a significant correlation between pyrene 
and benzo(a)pyrene in both breathing zone air samples and skin exposure samples 
was found. The Spearman correlation coefficients were 0.94 (n = 58) and 0.73 
(n = 378) respectively. However, the pyrene/benzo(a)pyrene ratio (wt/wt) was 2.1 
(GM, range 0.6 - 16.2) in breathing zone air samples and 6.3 (GM, range 0.15 -
165) in skin contamination samples. Because the difference in pyrene/ 
benzo(a)pyrene ratio between breathing zone air samples and skin contamination 
samples, we also estimated the dermal and respiratory uptake of benzo(a)pyrene 
by applying the presented formulas. This revealed a percentage of the total 
absorbed amount of benzolalpyrene that enters the body through skin, which 
ranged from 8 - 92% (GM = 5 1 % , n = 12). 
The correlation between the PAH concentration in breathing zone air and the 
estimated dermal PAH uptake is found to be rather low. For pyrene the Spearman 
correlation coefficient was 0.59 (p = 0.045, n = 12) and for benzo(a)pyrene 0.55 
(p = 0.067, n = 12). Because of the high uptake of PAH through the skin we 
suggest to apply a biological monitoring method, that gives a more accurate 
assessment of the internal PAH exposure of a worker than breathing zone air 
measurements do. This study confirms that the measurement of 1-OH-pyrene in 
urine as indicator of internal PAH exposure, is a very powerful biological 
monitoring method. 
In summary, we have found that among coke-oven workers, the uptake of PAH 
trough skin is very relevant for the internal dose. For pyrene it is assessed that in 
average 75% (range 28 - 95%) of the total dose is absorbed through skin. For 
benzo(a)pyrene it was 5 1 % (range 8 - 92%). Our results indicate that preventive 
measures to reduce PAH exposure should be focussed more on the reduction of 
dermal PAH contamination, rather than on the reduction of the inhaled dose. 
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Abstract 
Ten creosote exposed workers of a wood impregnation plant participated in this 
study, which took place in two consecutive weeks on a Monday, after a week-end 
off. On one of the two days each worker wore a Tyvek coverall underneath the 
normal working clothes. Dermal contamination measurements (pyrene on exposure 
pads) and biological monitoring (urinary 1-OH-pyrene) were performed to measure 
the reduction of both the skin contamination and the internal dose. The total 
pyrene skin contamination of workers, not wearing a coverall, ranged between 47 
and 1510¿/g/day. In average, the coverall reduced the pyrene contamination on 
the workers' skin by about 35% (SD = 63). The excreted amount of 1-OH-pyrene 
in urine decreased significantly from 6.6 //g to 3.2 //g 1-OH-pyrene. Multiple 
regression analysis shows that not the air concentration but the PAH 
contamination on skin is the main determinant of the internal dose of the creosote 
workers. 
Introduction 
Creosote oil, a blend of coal-tar distillation fractions, is used as a preservative of 
wood, mainly to impregnate railroad cross-ties. Creosotes are mixtures of 
hundreds of different compounds, of which 90 have been identified (1). Polycyclic 
aromatic hydrocarbons (PAH), mostly unsubstituted, generally account for at least 
75% of creosote (2). Direct contact with creosote (both liquid and vapour) can 
cause skin irritation. In combination with exposure to sun light, it can result in a 
photo-toxic contact eczema. Mutagenic activities were shown to reside in 
fractions having the highest boiling point ranges (> 290 °C) (3). In experimental 
animals it is shown that topical application of creosote induces DNA-damage in 
tissues such as skin and lungs (4) The International Agency for Research on 
Cancer has stated that there is sufficient evidence for the carcinogenicity of 
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creosote in experimental animals, and that there is limited evidence that coal-tar 
derived creosotes are carcinogenic in humans (5). A recent study among 922 
creosote-exposed wood impregnators in Sweden and Norway showed an increa­
sed risk for lip cancer and nonmelanoma skin cancer (6). 
The body burden of PAH in workers is mainly determined by respiratory intake and 
dermal absorption, but the extent of both exposure routes is unknown. In a 
previous study in the primary aluminum industry, we found that the dermal PAH 
contamination showed a higher correlation with internal dose than the breathing 
zone air concentration (7). For PAH exposed coke-oven workers, a quantitative 
assessment of both dermal and respiratory uptake revealed a mean percentage of 
7 5 % of the total pyrene uptake that enters the body through the skin (8). In these 
studies substantial PAH contamination was found on skin, even when covered by 
working clothes. 
In order to determine the significance of dermal exposure among creosote 
workers, an intervention study was designed in which dermal exposure was 
reduced to a minimum level by wearing highly protective clothing. Protective-
barrier clothing is used extensively in industries where workers are exposed to 
potentially hazardous chemicals, and considerable effort is made to define the 
barrier properties of various materials towards chemicals like antineoplastic drugs 
polychlorinated biphenyls, and organic solvents (9, 10, 11). These studies show 
that the time and rate of permeation are dependent on the test chemical as well 
as on the clothing material. Clothing made from Tyvek, a spunbonded olefin sheet 
structure of 100% polyethylene, was selected to reduce the dermal PAH 
contamination. Tyvek is a registered trademark of Du Pont.The permeability of 
Tyvek for particles is very low (< 0 . 1 % for particles with a diameter > 0.5 μπ\; 
source: Du Pont product information), and the material is more comfortable to 
wear than clothing made from laminated and coated garments (9). 
In the present study we investigated the effect of the reduction of PAH 
contamination on skin on the internal dose of creosote exposed workers of a 
wood impregnation plant. 
Subjects and methods 
This study was conducted in a wood preserving plant in The Netherlands in 
October 1991. In this plant railroad cross-ties (so called sleepers) are impregnated 
with creosote oil and provided with metal plates for fitting the rails. About 800 
000 I of creosote oil is used annually to impregnate about 200 000 wooden 
sleepers (one sleeper is about 0.1 m3 and weighs 90 to 100 kg). 
Two or three times a day a charge of 400 wooden sleepers is impregnated in a 
cylinder under a pressure of 12 atm, during 2.5 hours. After impregnation the oil 
is pumped out of the cylinder, and then the air in the cylinder is sucked almost 
vacuum to remove superfluous creosote oil. Three men are occupied with 
operations around the cylinders such as: controlling the process, transporting the 
wooden sleepers on lorries into and out of the cylinders, and opening and closing 
of the covers of the cylinder. After impregnation, the lorries are driven from the 
cylinder to the open air where the newly impregnated wood is evaporated 
overnight. Next the sleepers are provided with metal plates in the assembly-hall. 
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The assemblarle is done manually by ten men. Workers of the plant may be 
exposed to РАН-containing creosote volatiles, either emitted from the vacuum-
pump exhaust, from the exhaust of the creosote dehydration installation, or from 
the charge newly impregnated wood during evaporation. Skin contamination is 
possible through deposition from the air or through direct skin contact with 
contaminated surfaces or working clothes. 
Study design 
Three workers, who worked near the impregnation cylinders and seven workers 
from the assembly-hall volunteered in this study. Personal data are given in table 
1. Exposure measurements were performed in two consecutive weeks on a 
Monday, after a week-end off. In one week, the workers wore on Monday a 
Tyvek coverall, gloves and socks (of the same material; see figure 1 ) underneath 
the normal working clothes. On the Monday of the other week they did not wear 
extra protective clothing underneath the working clothes. On the two Mondays we 
measured the PAH contamination on skin and the PAH concentration in breathing 
zone air of the ten workers. In the same two weeks, urine samples were collected 
from Sunday-morning (8.00 h) up to and including Tuesday-morning (6.00 h) for 
the assessment of the internal PAH exposure. It is noted that all the workers had a 
normal working week followed by a week-end off, before each day of 
measurement. 
Table 1. Personal data and characteristics of creosote workers. 
personal 
code 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
function/ 
work location 
assembly hall 
assembly hall 
assembly hall 
assembly hall 
assembly hall 
assembly hall 
assembly hall 
cylinder 
cylinder 
cylinder 
age 
(years) 
21 
19 
5 9 
54 
24 
3 3 
4 5 
3 0 
3 9 
4 1 
alcohol* 
0 
1 
1 
0 
1 
1 
1 
1 
1 
1 
smoking" 
1 
1 
0 
0 
1 
1 
1 
0 
0 
0 
height 
(cml 
1 7 7 
1 8 0 
175 
1 7 2 
181 
183 
183 
176 
172 
172 
body 
weight 
(kg) 
71 
6 7 
8 0 
7 8 
7 8 
8 2 
7 3 
91 
85 
85 
estimated surface 
area of skin' 
(m'l 
1 8 7 
1 85 
1 9 6 
1 91 
1 9 8 
2 0 4 
1 94 
2 0 7 
1 9 8 
1.98 
a: alcohol use1 1 = yes, 0 = no 
b: smoking of tabacco' 1 = yes, 0 = no. 
c: surface area of skin is calculated with the formula: 
suface area of skin = 71.84 · body weight0426 · height0"' (17). 
Pyrene was used as a marker compound for PAH contamination on skin and in 
breathing zone air. 1-OH-pyrene was used as biological parameter for internal 
РАН-exposure. This metabolite of pyrene is increasingly being used and more and 
more accepted as a biological indicator of the internal dose of PAH (12, 13, 14, 
15, 16). Interviews were conducted by a trained interviewer using a questionnaire 
about personal characteristics, including age, weight, height, smoking habits and 
alcohol consumption. 
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Skin contamination measurements 
For the assessment of the PAH contamination on the natural skin, we pasted six 
exposure-pads on different spots on the skin of a worker: the jaw, the shoulder, 
the upper arm, the wrist, the groin and the ankle during working hours (see figure 
1). 
Figure 1. Skin sites where exposure pads were pasted for the monitoring of 
dermal PAH contamination (al, the coveralls as applied in this study to 
reduce the skin contamination (b), and the percentage of the total body 
area that each pad was assumed to represent (c). 
(a) (Ы 
(c) 
upper arm pad 
10% 
Wust pad 
12% 
groin pad 
27% 
shoulder pad 
3% 
jaw/neck pad 
7% 
ankle pad 
20% 
Exposure-pads are round monitoring devices (diameter 60 mm) with a small 
monitoring area (diameter 18 mm). Flexible polypropylene filter material (Gelmann 
Sciences) was used as adsorbing material in the exposure-pad. The design of the 
exposure-pad has been published elsewhere (18). Immediately after the exposure 
the pads were removed, packed in aluminum foil and stored at -20°C untili 
analysis. A circular piece of the polypropylene adsorbing material with a diameter 
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of 15 mm (1.77 cm2) was punched out for the analysis. The exposure-pads were 
ultrasomcally extracted with 10 ml dichloromethane during 10 minutes. Under a 
gentle flow of nitrogen (at 40°C) the solvent was evaporated to dryness and the 
residue was dissolved in 2 ml methanol. After centrifugaron of the sample, the 
supernatant was analysed for pyrene with reversed-phase HPLC (High 
Performance Liquid Chromatography). Aliquote (20 μ\) of the samples were 
injected fully automatically from vials on a Vydac TP RP 18 column (150*4.6 mm, 
10 //m particles, column temperature 40°C, supplier: Separations Group, 
Hespesia, California USA). The composition of the solvent was programmed at a 
lineair gradient from water/methanol (4258) to (6:94) for 50 minutes, the solvent 
flow was 1.0 ml/mm. The apparatus was equipped with a fluorescence 
spectrophotometer (Jasco 820-FP Spectroscopic co. LTD, Japan). The recovery of 
pyrene from exposure pads spiked with creosote oil was 92%. 
Based on the pyrene contamination on the six exposure pads, an assessment is 
made of the total daily pyrene contamination on the skin of the workers, as 
proposed in a previous study (8). In this assessment it is assumed that each of the 
six pads represent a skin region with a certain surface area (see figure 1). The 
surface areas of the different skin regions were calculated with the anatomical 
dimensions of the 50-percentile man, as described by Popendon* and Lettingwell 
(19). The total body area of the workers (see table 1) is calculated with a formula 
based on height and weight, as proposed by DuBois and DuBois (17). 
Personal sir sampling 
During the hours of work, personal breathing zone air samples of airborne particu­
lates were collected on a PTFE filter (diameter 25 mm, pore size 0.5 μπ\). A 
sorbent sample tube, containing XAD-2 resin as sorbent (ORBO-43; supplier: 
Supelco), was placed directly behind the particle sampler to trap gaseous PAH. 
The sampler was equipped with a cone over the face. With a suction flow of 2 
I/mm, a suction velocity of 1.25 m/s was reached in the face of entrance of the 
sampler, according to the recommendations of the Staubforschungs Institut in 
Germany (20). After sampling, the filters and the XAD-2 resin from the sorbent 
sample tubes were stored in the dark at -20°C. The samples were analysed within 
three weeks. For the PTFE filters and the XAD-2 resin from the sorbent sample 
tubes, the same method of sample preparation and analysis was used as for the 
exposure pads (see under 'skin contamination measurements'). The recovery of 
pyrene on the PTFE-filters and the XAD-2 resin was 88%. 
1-OH-pyrene in urine 
All of the urine voided from Sunday-morning (from 0800 on) to Tuesday-morning 
(at 0600) was sampled. The volunteers registered the volume and the hour of 
voidance. The urine samples were stored at -20°C till analysis. Metabolites of 
pyrene in urine were deconjugated by enzymatic hydrolysis and a solid phase 
sample clean-up was applied. HPLC analysis allowes the determination of the sum 
of free and conjugated 1-OH pyrene at the nmol/l level. A full description of the 
method is presented elsewhere (21). The reproducibility of the analysis of urinary 
1 -OH-pyrene in this study was determined by a repeated analysis of 44 at random 
selected urine samples. The coefficient of variation of the analysis was 8.0%. 
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Statistical analysis 
Exposure variables are presented with the median because this measure of central 
location is more representive of a skewed distribution of data than the arithmetic 
mean (AM). Data below the detection limit were processed as having the numeric 
value of half of the detection limit. The Shapiro-Wilk test was used to test the 
normality of the input data. Depending on the normality of the data, either the 
paired t-test or the Wilcoxon signed rank test was applied to determine the 
significance of the differences of means. Correlation was quantified with 
Spearman's rank correlation analysis (rs). Multiple regression analysis was carried 
out to study the relationship between the dermal and respiratory exposure and the 
internal dose. The residuals were checked for the normal distribution assumption. 
None of the analyses showed major deviation from this assumption. 
Results 
Skin contamination 
Figure 2 shows the pyrene contamination on the exposure pads pasted at six skin 
sites on the day with and without a coverall. The wearing of extra protective 
clothing only reduced the PAH contamination on pads of the shoulder, upper arm 
and groin. At the other skin sites (jaw/neck, ankle and wrist) no significant 
reduction was found. The figure also illustrates the dispersal of the pyrene 
contamination on the skin of the workers. Without extra protective clothing, the 
highest pyrene contamination was found on the wrist (median = 82 ng/cm2) 
followed by the jaw/neck (median = 10 ng/cm2). The shoulder, the upper arm, the 
groin and the ankle showed substantial contamination (in average about 4 ng/cm2) 
despite the fact that these skin sites were covered with working clothes. 
The results of the estimation of the total skin contamination on the two days of 
measurement are presented in table 2. The total pyrene skin contamination ranged 
from 47 to about 1500/yg/day, on the day the workers did not wear a coverall. In 
average, the wearing of the coverall resulted in a reduction of the skin 
contamination by 35% (S.D. = 63, N = 10). Three of the ten workers showed a 
higher skin contamination despite of wearing a coverall. Pyrene did not penetrate 
the Tyvek material of the coverall because no contamination was detected on 
exposure pads pasted at the inside of the coverall (sleeve and capuchin, N = 10), 
with the monitoring area towards the material of the coverall (data not shown). 
Breathing-zone concentrations 
The total pyrene concentration in the breathing zone air of the workers was 
calculated as the sum of gaseous pyrene concentration and the particulate pyrene 
concentration. The total pyrene concentration ranged from 0.3 ¿/g/m3 to 3.0 
jt/g/m3. On the average, 47% of the pyrene was in the gas phase. On the day the 
workers wore a coverall, the mean pyrene concentration in air was 1.2 /yg/m3; the 
other day it was 0.9 //g/m3 (see table 2). The highest pyrene concentrations in 
breathing zone air were measured among workers close to the impregnation 
cylinders (worker 8 and 10). 
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Figure 2. Effect of the coveralls on the pyrene contamination on the exposure 
pads pasted on six skin sites (median, N=10, * = ρ ¿0.051 
pyrene on exposure pad (ng/cm2) 
100 η 
10 
! 
M 
m 
I I without coverall 
¡ИМ with coverall 
jaw/neck shoulder upper arm wr ist 
skin site 
groin ankle 
Table 2. Effect of the coverall on the pyrene skin contamination and the internal 
dose (urinary 1-OH-pyrene) of 10 creosote workers. 
SKIN CONTAMINATION 
\μα pyrene on ekln) 
INTERNAL DOSE' 
(j/g 1 -OH-pyrene in urine) 
AIR CONCENTRATION 
(//о pyrene/m'l 
I 
2 
Э 
4 
5 
В 
7 
β 
9 
10 
387 
377 
139 
47 
236 
528 
13ββ 
1511 
316 
120 
90 
379 
48 
77 
144 
122 
137 
433 
39 
218 
297 
-2 
91 
-30 
93 
406 
1231 
1077 
277 
•98 
2 3 
2 9 
0 7 
5 7 
1 2 7 
10 1 
12.2 
7 8 
2 β 
2 0 
4.6 
1.6 
1 3 
4 9 
S 3 
Ι 5 
3 0 
2 9 
4 7 
7 7 
- 2 4 
1 Э 
•0 6 
0 7 
7 3 
8 5 
9 2 
4 6 
2 1 
1.1 
0 7 
0 9 
0 3 
0 5 
1 2 
0.9 
1 0 
0 9 
1 3 
0 7 
1.3 
0 8 
0 6 
1 7 
0 6 
0 4 
2 5 
0 4 
3 0 
0.4 
•06 
0 3 
•0 4 
•12 
0 5 
0 5 
-1 5 
0 5 
1.9 
mean 
medien 
503 
346 
158 
122 
334 
IBS' 
8 6 
8 6 
3 2 
2 9 
3 4' 
3 0 
0 8 7 
0 9 1 
I 21 
0 6 5 
-0 33 
•0.07 
»: - = day without coveraH, + «· day with coverall, * - the difference between the two days 
b: the amount of 1 -OH-pyrene that is eicreted during a period of 22 hours lesposura took place during the first 6 hours of this period) 
c: the reduction is statistically significant Ip s 0.05) 
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Internal dose 
Figure 3 illustrates the effect of wearing a coverall on the urinary 1-OH-pyrene 
excretion rate of worker 1. The rate of 1 -OH-pyrene excretion was calculated as 
follows: 
1 -OH-pyrene excretion rate = Cn * Vn / (t„ -1^) 
where Cn = the 1-OH-pyrene concentration in urine sample,, (nmol/L); Vn = 
volume of urine sample,, (L); t„ = time of voidance of urine sample,, (hours); t ^ = 
time of voidance of urine sample before sample,, (hours). 
The excreted amount of 1-OH-pyrene in urine as a result of the 8-hour exposure 
period was calculated by determing the Area Under Curve (AUC) from t = 8h till 
t = 30h of the 'excretion rate versus time plot', corrected for the background 
excretion in the same time period. The individual background excretion in that 
period was calculated with the excretion rate before the exposure period. It is 
noted that the urine on Monday morning may contain a small amount of the 1 -OH-
pyrene related to pyrene exposure on the previous Friday. For coke-oven workers 
Jongeneelen and co-workers estimated that the half-life time of 1-OH-pyrene 
varied between 6 and 35 hours (22). On the day the workers did not wear a 
coverall, the excreted amount of urinary 1-OH-pyrene as a result of an 8-hour 
exposure was significantly higher (6.6 pg 1-OH-pyrene) than on the day with the 
coverall (2.9 pg 1-OH-pyrene) (see table 2). 
Figure 3. Effect of the coverall on the urinary 1 -OH-pyrene excretion of a creosote 
worker (worker 1). The shaded area indicates the hours of exposure (8-
hour workshift). 
1-OH-pyrene excretion rate (nmol/hour) 
4 -
2 -
Sunday Í Monday '•:. | Ì Tuesday:; 
Swithout coverall 
i with coverall 
_l !
 T ! | " а ь т 1 ш 1 1 1 1 
-24 -16 -β 0 8 16 24 32 40 48 
time (hours) 
The relation between external exposure and internal dose 
The wearing of the coverall resulted in a significant reduction of both the pyrene 
skin contamination and the internal dose. The differences between the pyrene 
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skin contamination correlated well with differences in the urinary 1-OH-pyrene 
excretion (r s = 0.93, ρ = 0.0001, N = 10). Differences in breathing zone air 
concentrations were not reflected in differences in urinary 1-OH-pyrene excretion 
(rs = 0.39, ρ=0.26 , N = 10). Multiple regression analysis with 'the difference in 
urinary 1 -OH-pyrene excretion' as dependent variable and 'the difference in pyrene 
skin contamination' and 'the difference in pyrene breathing zone air concentration' 
as independent variables, revealed a standardized parameter estimate of 0.79 for 
the skin contamination and 0 29 for the breathing zone air concentration variable 
(see table 3). This indicates that the internal dose is more determined by skin 
contamination rather than by breathing zone air concentration. 
Table 3. Results of the multiple regression analysis: the effect of differences in 
the pyrene skin contamination and breathing-zone air concentration on 
the internal dose (urinary 1-OH-pyrene) of the creosote workers. 
Model л urinary 1 OH pvrene = 
л pyrene skin contamination (//g/day) 
л pyrene air concentration (//g/m3) 
intercept 
д pyrene skin contamination 
parameter 
estimate 
0 008 
1 5 
1 3 
SE 
0 002 
0 9 
1 0 
+ Δ pyrene 
standardized 
estimate 
0 79 
0 29 
air concentration ' 
ρ value 
0 003 
0 14 
0 24 
a * - the difference between the two days of measurements (day without coverall - day with coverall), 
N = 10, R' - О 79 
Discussion 
Data on skin contamination of workers exposed to PAH are very limited. In 
previous studies dermal PAH contamination was measured with exposure pads 
among road paving workers (18), and workers in the primary aluminum industry 
(7), and coke industry (8). The daily pyrene skin contamination of the creosote 
workers was relative high (median 350 //g pyrene) in comparison with the coke-
oven workers (70 ^g), primary aluminum workers (395 ¿/g) and road paving 
workers (117 //g) This does not necessarily mean that the total PAH 
contamination was also higher, because the composition of the contaminant 
varied between the several work environments. The creosote oil used in the wood 
impregnation plant contained about 3.4% pyrene and less then 0.0004% 
benzo(a)pyrene. Coal tar, which is the main PAH contaminant in the coke industry, 
primary aluminum industry and during tar road-paving, contains about 2-10% 
pyrene and 0 4-0.6% benzo(a)pyrene (5). The pyrene concentration in the 
breathing zone air of the creosote workers ranged between 0.3 and 3.0 //g/m3 
(see table 2). This is comparable with breathing zone air concentrations of workers 
of impregnation plants in Finland (23). 
In a previous study among coke-oven workers it was assessed that about 20% of 
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the daily pyrene skin contamination enters the body during an 8-hour workshift, 
and that the uptake of pyrene through inhalation is approximately 5 0 % of the total 
amount of inhaled pyrene (8). Applying the results of these assessments in the 
present study revealed an amount of pyrene that enters the body through skin 
during an 8-hour workshift that ranged from 9.4 to 302 μς pyrene (median: 69 
/yg), and an estimated daily respiratory uptake of pyrene that varied between 1.5 
and 15 |/g pyrene (median: 4.5 //g, assuming a respiration volume of 10 m3/8 
hours). The results of these calculations show that the dermal pyrene uptake was 
in average 15-fold higher than the estimated respiratory uptake. The assumptions 
made in the calculations of pyrene uptake are open to discussion and modification. 
For example, the respiratory РАН-intake for creosote workers might be 
underestimated because they inhale more pyrene in the gas-form (± 50%) than 
coke oven workers do (± 25%) (8). It is also unclear whether this relative high 
concentration of gaseous pyrene in air affects the dermal pyrene uptake. 
However, it is not expected that the orders of magnitude of the calculated dermal 
and respiratory PAH intake will be altered extremely. 
The relevance of the skin as route of PAH uptake was confirmed when relating 
both the dermal and the respiratory exposure with the internal dose. For the 
creosote workers, who participated in this study, it was shown that the skin 
contamination is the main determinant of the internal dose, and that a reduction of 
the breathing zone air concentration had a minor effect on the internal dose (see 
table 3). 
The present study shows that the extra protective clothing did not reduce the 
dermal PAH contamination very effectively (in average about 35%). Three out of 
ten workers showed a higher skin contamination despite of wearing a coverall (see 
table 2). This might be caused by either penetration of the contaminant through 
the Tyvek material, variation in exposure between the two days of measurement, 
or uncovered skin areas. Penetration of PAH through the material was not 
detected. That the variation in exposure might have affected the reduction of the 
skin contamination is shown in table 2. The breathing zone air concentrations of 
the workers of whom the contamination on skin was not reduced, was indeed 
higher on the day they wore a coverall. In previous studies among other PAH 
exposed workers it was also found that the inter-day variation of skin 
contamination is rather high (publication in preparation, see chapter 2.2). 
However, the most important explanation for the low efficacy of the coverall 
seems to be the uncovered skin areas, such as the face, wrists and ankles (see 
figure 1 ). The coverall did not result in a significant reduction of contamination of 
the pads pasted on these skin areas (figure 2). In addition, low but measurable 
skin contamination was also found on pads pasted on skin regions which were 
definitely covered by the coverall, such as the shoulder, upper arm and groin. The 
contamination on these exposure pads showed a significant correlation with the 
pyrene concentration in the breathing zone air of the worker (rs was respectively 
0.58, 0.85 and 0.61, ρ s 0.05). Apparently air is sucked between the skin and 
the coverall, which results in deposition of PAH on skin. The contamination of the 
pads pasted under the normal working clothes showed no significant correlation 
with pyrene breathing zone air concentration. This indicates that the contact with 
contaminated working clothes is the main source of contamination. 
The wearing of the Tyvek coverall underneath the normal working clothes was not 
very comfortable for the workers, but necessary to avoid skin contamination 
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through contaminated working clothes. It is noted that a coverall may reduce the 
skin contamination, but that it also may increase the dermal absorption rate of 
contaminants, due to the elevated temperature of the skin, humidity and physical 
stress. 
Comparison of the calculated dermal and respiratory uptake, the high correlation 
between dermal exposure and urinary 1-OH-pyrene excretion and low correlation 
between air concentration and urinary 1-OH-pyrene excretion, lead us to the 
conclusion that for the group of wood preserving workers who participated in this 
study, the skin is the main route of РАН-uptake. Measures to reduce the internal 
dose of PAH exposed workers should primary be focused on reduction of dermal 
PAH contamination. The coverall as applied in this study was not very effective in 
reducing dermal PAH contamination, probably due to uncovered skin areas such as 
the face, wrists and ankles. Further research should clarify whether frequent 
cleaning of working clothes combined with improvement of the personal hygiene, 
will lead to a satisfactory reduction of the internal dose of PAH exposed workers. 
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Abstract 
The effect of hygienic skin protective measures on the internal exposure to 
polycyclic aromatic hydrocarbons (PAH) was studied in 13 cokeoven workers. The 
study took place over two consecutive weeks. In one week the subjects worked 
under the normal circumstances, in the other week extra hygienic skin protective 
measures were instituted: laundered working clothes and a new pair of gloves 
before each 8-hour work shift, and the washing of both the hands and face before 
each break. Biological monitoring was undertaken to measure the effect of the 
extra hygienic measures on the urinary 1-hydroxypyrene excretion, which is a 
measure for the internal PAH exposure. The increase of the urinary 1-
hydroxypyrene concentration over the 4-day workweek was on average 37% 
lower when extra hygienic measures were taken: 1.3 instead of 2.3 //mol 1-
hydroxypyrene/mol creatinine (p = 0.03, N = 13). This study demonstrates that 
simple hygienic skin protective measures result in a significant reduction of the 
internal PAH exposure. 
Introduction 
A main objective of occupational hygiene practice is to secure safe production 
methods and working conditions. In assessing compliance, emphasis is placed on 
surveillance of air concentrations in relation to exposure limits. This reliance on 
airborne concentrations is due to the practicality of such measurements and the 
fact that respiratory intake of toxic substances has appeared to be the main 
problem. The contamination of the skin with chemicals has received comparatively 
little interest in the past. However, there is increasing evidence that many 
chemicals can be absorbed through the skin in toxic amounts, and such hazards 
154 Intervention studies 
may well occur when airborne concentrations of the chemical are within legal 
limits (Grandjean 1990). 
In many countries, compounds considered a skin hazard are identified by a skin 
notation on the official list of occupational exposure limits. In general, the purpose 
of the skin notation is to alert attention to the fact that cutaneous exposure to 
these compounds can significantly add to the total systemic exposure when 
airborne concentrations are kept within the exposure limit. 
In cokeovens bituminous coal is destructively distilled into coke. The emissions 
from a cokeoven are complex mixtures of gases, liquids and solid particles. 
Cokeoven workers are highly exposed to polycyclic aromatic hydrocarbons (PAH). 
Epidemiological studies have shown that exposures in the coke production 
industry are carcinogenic to humans, giving rise to lung and skin cancer. The 
possible carcinogenic agent in coal-tar fume are PAH which are found to be 
carcinogenic in experimental animals (IARC 1984, 1987). In the coke industry 
either the coal tar pitch volatiles concentration (eg. US) or the benzo(a)pyrene 
concentration in air (eg. Sweden) is used as the parameter for exposure 
monitoring. None of these exposure limits have a skin notation in any country. 
However, in a previous study with volunteers it was found that topical application 
of coal-tar ointment (dose 2.5 mg/cm2 coal-tar ointment, containing 10% coal-tar, 
applied for 6 hours to 400 cm2 skin) resulted in a 6- to 10-fold increase of urinary 
1-hydroxypyrene excretion (VanRooij et al. 1993b). Urinary 1-OH-pyrene, a major 
metabolite of pyrene, has been shown to be a useful biomarker in various PAH 
exposure studies: exposure through food (Buckley and Lioy 1992), environmental 
tobacco smoke (Scherer et al. 1992), outdoor air (Zhao et al. 1992), occupation 
(Buchet et al. 1992; Burgaz et al. 1992; Jongeneelen et al. 1988, 1990; Tolos et 
al. 1990; VanRooij et al. 1992, 1993a, 1993c), medication (Gonferò et al. 1989), 
and exposure of recreative watersporters (Van de Weerdt and Jongeneelen 1991). 
In a previous study among cokeoven workers, a quantitative assessment of both 
the dermal and respiratory PAH uptake was performed. Using pyrene as marker 
compound, we found that on average 75 % of the total uptake entered the body 
through the skin. The dermal pyrene contamination varied between 21.2 and 
165.9 //g/day. Substantial PAH contamination was found on the uncovered skin, 
but also on the skin covered with working clothes, probably due to contact with 
contaminated clothing rather than deposition from air (VanRooij et al. 1993a). 
Other studies among primary aluminum workers (VanRooij et al. 1992) and 
creosote workers (VanRooij et al. 1993c) confirmed the significance of dermal 
absorption in PAH exposed workers. 
For evidence that the uptake through skin is indeed a major route of body entry, 
we conducted an intervention study among cokeoven workers to determine 
whether improved skin protective measures reduce the internal PAH exposure of 
the workers. Urinary 1-hydroxypyren was used as biomarker for PAH exposure. 
Study design and methods 
The intervention study was carried out at a coke plant in The Netherlands from 11 
September until 1 October 1992. The coke plant, which comprises two batteries, 
consists of 110 ovens in parallel rows and produces approximately 600,000 
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Table 1. Personal data and characteristics of cokeoven workers. 
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worker 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
age 
(years) 
41 
37 
28 
31 
24 
25 
28 
31 
25 
26 
27 
25 
30 
heiflht 
(cm) 
178 
181 
170 
170 
175 
195 
189 
178 
190 
195 
173 
180 
173 
weight 
(kg) 
76 
85 
79 
80 
73 
103 
85 
68 
82 
80 
65 
91 
86 
smoking' 
0 
1 
1 
1 
1 
1 
1 
1 
0 
1 
-
0 
1 
number of 
cigarettes/day 
0 
9 
12 
12 
5 
9 
25 
25 
0 
17 
-
0 
25 
drinking' 
alcohol 
0 
0 
0 
1 
0 
number of 
glasses/day 
0 
3 
0 
2 
1 
1 
0 
5 
2 
2 
0 
2 
0 
a: 0 = no; 1 = yes 
tonnes of coke/year. Five crews of 1B workers and a group of special 
maintenance personnel work in the vicinity of the battery. The coal is destructively 
distilled into coke at a temperature of approximately 1270 °C during 18-19 hours. 
On average, about 47 ovens are pushed per working shift of 8 hours. 
13 Cokeoven workers of two different crews who work in the vicinity of the 
ovens participated in this study. Personal data of the cokeoven workers are 
presented in table 1. During two consecutive weeks a biological monitoring 
program was carried out. In one week, the workers worked under normal 
circumstances (so called "normal week"), in the other week, they worked with 
extra hygienic measures (so called "hygienic week"). In both weeks the cokeoven 
workers carried out similar work activities. In order to prevent the confounding 
effect of differences in exposure between the weeks of measurement a cross-over 
design was adapted, according to table 2. Under supervision of the medical officer 
of the plant the workers filled in a questionnaire about personal characteristics and 
about the daily hygienic measures, taken during the two weeks of measurement. 
Hygienic measures 
Under normal circumstances, all the cokeoven workers of this plant wear an 
overall, which is drycleaned on request, usually after a workperiod of 1 - 5 
workshifts. The workers are also provided with an air stream helmet, shoes and 
gloves (which are renewed every 2-10 weeks). The management does not provide 
the workers with underwear, socks, and laundering facilities for these items. All 
the cokeoven workers wash their hands before a break, and take a shower after 
work before they leave the plant. In order to reduce the dermal PAH exposure, we 
instructed the participating workers to put on new gloves and laundered working 
clothes (an overall, underwear (shirt and pants), and socks) at each 8-hour 
workshift, and to improve personal hygiene by washing both their hands and face 
before each break. The hygienic measures taken by the 13 participating workers 
during both the "normal" and "hygienic workweek" are listed in table 3. This table 
illustrates that under normal circumstances the hygienic measures may vary 
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Table 2. Study design of intervention study to measure the effect of extra 
hygienic measures on the internal РАН-exposure.' 
worker 
(code) 
1 
2 
3 
4 
5 
β 
7 
8 
9 
10 
11 
12 
13 
crew 
2 
2 
2 
2 
2 
2 
5 
5 
5 
6 
5 
5 
5 
function/ 
work site 
coke side 
top sjde 
coke side 
top side 
push side 
misceli. 
top side 
push side 
push side 
push side 
coke side 
coke side 
top side 
week 1 
11-15 Sept 
5 days 
-
-
-
-
-
-
normal 
hygienic 
normal 
hygienic 
hygienic 
normal 
hygienic 
week 2 
18-22 Sept 
S days 
. 
-
-
-
-
-
hygienic 
normal 
hygienic 
normal 
normal 
hygiene 
normal 
week 3 
21-24 Sept 
4 days 
normal 
normal 
hygienic 
hygienic 
hygienic 
normal 
-
-
-
-
-
-
-
week 4 
2 7 Sept-1 Okt 
5 days 
hygienic 
hygienic 
normal 
normal 
normal 
hygienic 
-
-
-
-
-
-
-
a: Urine was sampled on day 1 (pre-shift) and day 4 (post-shift) of each workweek, 
and analysed for 1-hydroxypyrene. 
extensively between the workers, and that not all the participating workers 
followed the instructions during the "hygienic workweek". 
1-hydroxypyrene in urine 
During the two weeks of measurement, pre-shift urine was sampled on the first 
working day and post-shift urine was sampled on the fourth working day. The 
urine samples were stored at 
-20°C until analysis. Metabolites of pyrene in urine were deconjugated by 
enzymatic hydrolysis and a solid phase sample clean-up was applied. HPLC 
analysis allows determination of the sum of free and conjugated 1-hydroxypyrene 
at the nmol/L level. The concentration of creatinine in urine was used to correct 
for dilution of the urine. A full description of the method is presented elsewhere 
(Jongeneelen et al. 1987). The reproducibility of the analysis of urinary 1-
hydroxypyrene in this study was determined by a repeated analysis of random 
selected urine samples. The coefficient of variation of the intra-day analysis was 
5.5 % (n = 7) and of the inter-day analysis 5.9 % (n=4). The detection limit of the 
method was 0.52 nmol/L urine. 
Statistical analysis 
Exposure variables are presented with both the arithmetic mean and the median. 
The median is more representive of a skewed distribution of data than the arith­
metic mean. The Shapiro-Wilk test was used to test the normality of the exposure 
data. Depending on the normality of the data, either the paired t-test or the 
Wilcoxon signed rank test was applied to determine the significance of the 
differences of means of dependent variables. 
Analyses of variance were carried out to determine the significance of differences 
in urinary 1-hydroxypyrene excretion as a result of smoking and/or alcohol 
consumption, and work site. Multiple regression analysis was applied to determine 
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the significance of the effects of the hygienic measures on the increase of 1-
hydroxypyrene excretion. The residuals were checked for the normal distribution 
assumption. None of the analysis showed major deviation from this assumption. 
Table 3. The hygienic measures to reduce the РАН-contamination on skin of the 
workers during the normal and the hygienic workweek. 
Worker 
(code) 
washed face 
before break 
before each 8-hour worksfuft: 
1 Normal 
Hygienic 
2 Normal 
Hygienic 
3 Normal 
Hygienic 
4 Normal 
Hygienic 
5 Normal 
Hygienic 
6 Normal 
Hygienic 
7 Normal 
Hygienic 
8 Normal 
Hygienic 
9 Normal 
Hygienic 
10 Normal 
Hygienic 
11 Normal 
Hygienic 
12 Normal 
Hygienic 
13 Normal 
Hygienic 
0 = if measure 
0 
0 
0 
0 
0 
0 
0 
is taken bef 
clean 
overall 
1 
1 
0 
1 
0 
1 
1 
1 
1 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
ore/during 
clean underwear 
pants shirt 
1 0 
0 1 
1 0 
1 1 
1 0 
1 1 
0 0 
1 1 
1 0 
1 1 
1 0 
1 1 
1 0 
1 1 
1 0 
1 1 
1 1 
1 1 
1 0 
1 1 
1 0 
ι ι 
1 0 
1 1 
0 0 
1 1 
less than 3 working da 
clean pair 
of socks 
0 
0 
0 
0 
clean pair 
of gloves 
1 
1 
0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
ys of the workweek. 
1 = if measure is taken before/during 3 or more working days of the workweek. 
Results 
Table 3 shows that hygienic measures in a normal workweek differ greatly within 
the group of cokeoven workers. Even during the hygienic workweek not every 
cokeoven worker responded to the requested measures. Some workers show 
hardly any difference in hygienic measures between the two workweeks (e.g. 
worker 5). This means that the differences in hygiene between the two weeks of 
measurement, in fact the extent of intervention, has not been the same for all 
cokeoven worker (compare persons 5 and 13). Nevertheless each cokeoven 
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worker took more hygienic measures in the hygienic working week compared to 
the normal workweek. 
Table 4 shows that all the workers have an increase in urinary 1-hydroxypyrene 
excretion in both the normal and hygienic workweek (post-shift of day 4 minus 
pre-shift of day 1). During the normal workweek, the increase of urinary 1-
hydroxypyrene concentration was on average 2.3 //mol 1 -hydroxypyrene/mol 
creatinine. In the week with extra hygienic measures, the increase of urinary 1-
hydroxypyrene was significantly lower: 1.3 //mol 1 -hydroxypyrene/mol creatinine 
(p = 0.03, see table 4). On average, the skin protective measures reduced the 
increase of urinary 1 -hydroxypyrene excretion during the workweek by 3 7 % 
(median, range: -292% - 94%, N = 13). 
Figure 1. The effect of extra hygienic measures on the urinary 1-hydroxypyrene 
excretion of cokeoven workers at the top side (Π—Ώ), coke side 
(+ — + ) and push side (*—*) of the oven (median value, N=4). 
Urinary 1 - O H - p y r e n e (//mol/mol creatinine) 
1 -
normal 
workweek 
hygienic 
workweek 
day 1 
pre shift 
day 4 
post-shift 
day 1 
pre-aruft 
day 4 
post-shift 
Figure 1 presents the results of the urinary 1-hydroxypyrene measurements for 
three work sites. It is found that the workers at the top side of the oven are more 
exposed to PAH than the workers at the coke and push side. However, this 
finding was not statistically significant (p ¿ 0.43). The top side workers also tend 
to have a higher 1 -hydroxypyrene concentration in pre-shift urine of day 1. 
The effect of smoking and/or alcohol consumption on the urinary 1 -hydroxypyrene 
excretion was studied. It was found that workers who smoked tobacco, excreted 
more 1-hydroxypyrene in pre-shift urine of day 1 than non-smokers: 0.60 versus 
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0.31 //mol/mol creatinine. This effect was not statistically significant, probably 
due to the low number of observations (p=0.17, N = 13). There was no significant 
effect of smoking and/or alcohol consumption on the increase of 1-hydroxypyrene 
concentration during the weeks of measurement (p г 0.28). 
Multiple regression analysis was performed to investigate which of the hygienic 
measures contribute the most to the measured reduction of internal PAH 
exposure. Due to the low number of observations, none of the hygienic measures 
showed a statistical significant effect (p г 0.15). 
Discussion 
This study shows that a substantial decrease of the internal PAH dose can be 
accomplished by improving hygienic skin protective measures (see figure 1 ). This 
study confirms the findings of previous studies (VanRooij et al. 1992, 1993a, 
1993c) that dermal PAH exposure may contribute substantially to the internal 
dose in workers. 
Due to the cross-over design of the study the number of workers who took extra 
protective measures in the first week of measurement (week 1 and 3) was about 
equal to the number of workers who took extra measures in the second week of 
measurement (week 2 and 4). It is found that the average 1-hydroxypyrene 
excretion of the workers in week 1 and week 3 did not differ significantly from 
the excretion in week 2 and 4 (p = 0.88). Therefore, it is concluded that variation 
in ambient PAH exposure between the two weeks of measurement had no 
confounding effect on the measured decrease of the 1 -hydroxypyrene excretion in 
urine of the cokeoven workers. Neither smoking nor alcohol consumption had a 
significant effect on the increase of urinary 1-hydroxypyrene excretion, although 
the concentration in pre-shift urine of smokers on day 1 was on average two 
times higher than in urine of non-smokers. 
A disadvantage of the study design is that the hygienic behaviour of workers, who 
are suposed to work under normal hygienic circumstances, may be influenced by 
the extra hygienic behaviour of other colleagues. This probably results in a more 
hygienic behaviour of these workers in the so-called 'normal workweek' than 
under really normal circumstances, and thus that the reduction of the internal 
exposure by extra skin protective measures, as determined in this study, is an 
underestimation rather than a overestimation. 
The results of the internal dose measurements in the previous study (VanRooij et 
al. 1993a) carried out in the same coke plant, are comparable to the results of the 
measurements during the normal week of the present study. In table 5, a 
summary is given of the results of the increase of the urinary 1-hydroxypyrene 
excretion during the workweek, for three different work sites, of both studies. 
In the previous study (VanRooij et al. 1993a) a mathematical relation between the 
pyrene dose (both dermal and respiratory) and urinary 1-hydroxypyrene excretion 
was established. Based on this mathematical relation we estimated the reduction 
of the dermal pyrene dose, due to the extra hygienic measures for workers at the 
top-, coke- and push side of the oven (N = 12). Assuming that the respiratory 
pyrene dose of the workers is the same in 1992 as in 1990, it is calculated from 
the urinary 1-OH-pyrene concentrations measured in this study (see table 4), that 
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Table 5. The increase of the 1-hydroxypyrene concentration in urine during a 
workweek (цтоі/тоі creatinine)'. Comparison of the results of 
September 1990 and September 1992. 
function/ increase 1-OH-pyrene increase 1-OH-pyrene increase 1-OH-pyrene 
work site during workweek during normal workweek during hygienic workweek 
September 1990 September 1992 September 1992 
topside 4.4(1.2-10.7) 3.5(1.7-10.0) 1.9 10.2-2.91 
(N = 7) (N = 4) (N = 4) 
coke side 4.0(0.3-8.3) 2.4(2.0-7.8) 1.5(1.2-1.81 
(N = 81 (N = 4) (N=4) 
push side 1.7 (-1.8-6.21 1.7 (0.2-2.3) 1.3(0.9-2.1) 
(N = 10) (N=4) (N = 4) 
a: median (range) 
the dermal weekly dose during the normal work week was on average 550 nmol 
pyrene (range: 180-1800 nmol), and during the hygienic work week 470 nmol 
(range: -160 - 600 nmol). It is estimated that the extra hygienic measures reduced 
the dermal pyrene dose by about 30 % (SD = 53, N = 12). 
Recently Jongeneelen proposed a biological exposure limit (BEL) for PAH exposure 
among cokeoven workers based on the 1-hydroxypyrene concentration in urine 
(Jongeneelen 1992). The present study shows that by taking extra hygienic 
measures, which reduce the PAH contamination on skin, 10 of the 13 workers 
have a 1-hydroxypyrene concentration which is below the BEL of 2.3 ¿/mol 1-
hydroxypyrene/mol creatinine. Without the extra hygienic measures only 3 of the 
13 workers had a 1 -hydroxypyrene concentration which was below the BEL. 
This study shows that relatively simple hygienic measures may reduce the internal 
PAH dose of cokeoven workers by about 37%. It is concluded that dermal PAH 
exposure should be considered a hazard and that a skin notation should be added 
to occupational airborne PAH exposure limits. 
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Chapter 6 
General discussion and summary 
Polycychc aromatic hydrocarbons (PAH) are natural constituents of crude oil and 
many other petrochemical products, but can also be formed during incomplete 
combustion of fossil fuels or other organic matter. Especially coaltar and derived 
products contain large amounts of PAH. PAH are widely distributed in the 
environment and present in food, air, soil and water. Although everyone is more or 
less exposed, the highest exposure is measured among workers of coke plants, 
aluminium plants, steel works and those workers who handle molten tar or pitch 
(road paving, roofing etc.). Because 11 PAH are proven carcinogens in 
experimental animals, there is a strong need to reduce the emission of PAH and 
the exposure of the workers In order to accomplish the reduction of PAH 
exposure, it is common practice in occupational hygiene to focuss on the 
respiratory exposure. Skin contamination and percutaneous absorption of PAH has 
received little or no interest in the past despite reports from dermatological studies 
that PAH may readily enter the body through skin. This thesis deals with the 
dermal PAH exposure among workers. 
6.1 PAH contamination on workers' skin 
In this research project a pseudo skin method has been applied for the 
measurement of PAH contamination on skin. The skin contamination was 
measured with so-called exposure pads pasted at three to six skin sites devided 
over the body surface to enable an estimate of the total skin contamination during 
a work-shift. Pyrene and benzo(a)pyrene on the pads were used as marker 
compounds for PAH contamination on skin. Other direct methods such as 
chemical removal techniques and fluorescent (tracer) techniques were considered 
inappropriate for skin monitoring of PAH among workers. Chemical removal 
techniques are time consuming and only determine the residue of a chemical on 
the skin, and not the amount that is already absorbed into the skin during the 
exposure period Although PAH fluoresce (or luminesce) when excited by 
ultraviolet radiation, we were not able to detect PAH on skin of exposed cokeoven 
workers with a fiberoptics luminoscope (unpublished results). This is probably 
caused by the low sensitivity of the instrument and the absorption of radiation by 
the black coloured contamination In addition this method is non specific and 
measures the residue rather than the total contamination during a defined 
exposure period 
Exposure pad measurements 
Exposure pad measurements are carried out among workers of a primary 
aluminium plant (chapter 4.1), a cokeoven (chapter 4.2), and a creosote wood 
impregnation plant (chapter 5.1). The contamination on the pads varies strongly 
between the plants, the type of work activities, and the skin site on which the 
exposure pad is pasted The pyrene contamination may range up to 750 ng/cm2 
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per work-shift but the average pad contamination ranges between 0 and 200 
ng/cm2. The average benzo(a)pyrene contamination in coke and aluminium 
workers ranges between 0 and 20 ng/cm2 per work-shift. In creosote workers the 
benzo(a)pyrene contamination on skin is much lower (< 1 ng/cm2) due to the 
relative low benzo(a)pyrene content m creosote oil (< 0.004%). The highest pad 
contamination has been measured among the aluminium workers. Among 
cokeoven workers the pad contamination was lower and depended strongly on the 
type of work. Workers at the top- and coke-side of the oven showed the highest 
pad contamination. The exposure pads on the wrist gave the highest 
contamination, followed by the pads pasted on the jaw/neck region. Remarkable is 
the PAH contamination measured on the groin pads, because these pads were 
covered by so-called 'protective' working clothes. 
Validation of skin monitoring method 
To determine whether the contamination on six exposure pads reflects the actual 
contamination on whole body skin, we have simultaneously conducted exposure 
pad measurements with the skin-wipe test and the whole-body pseudo skin 
method (chapter 2.2). In the whole body pseudo skin method, we used a so-called 
coverall as monitor The skin wipe test was applied to determine whether the 
contamination on the exposure pad was comparable with the actual contamination 
on the surrounding skin. The coverall-method was used to determine whether 
sampling of six skin sites enables an accurate estimate of the whole body surface 
contamination. It was found that an exposure pad underestimates the actual skin 
contamination. The pyrene contamination on the exposure pad was on average 2-
times lower than the contamination on surrounding skin. The benzo(a)pyrene 
contamination on the exposure pad was even 4 8-times lower. The sampling of 
only six skin sites instead of the whole body surface by using a coverall, resulted 
in a 4.5-times underestimation of the whole body pyrene contamination 
Conclusion 
The estimated average pyrene contamination on skin of workers from a primary 
aluminium plant, a creosote woodpreserving plant and a coke plant is 3.9, 3 . 1 , 
and 0 6 mg/day, respectively (see table 1). The estimates are based on exposure 
pad measurements assuming that these exposure pad measurements under­
estimate the actual skin contamination 9-times 
Table 1. Estimate of the daily pyrene contamination on skin of workers from 
three work environments'. 
work environment number of number of pyrene contamination on skin 
worker* day* (mo per 8-hour workshift) 
aluminium plant 20 5 3 9 (0 8 - 16 Θ) 
coke plant 12 5 0 6 ( 0 2 - 1 5 ) 
woodpreserving plant 10 1 3 1 (0 4 - 1 3 6) 
median value (range) 
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6.2 Absorption of PAH through skin 
Previous studies with experimental animals or in-vitro human skin have shown that 
PAH may penetrate skin. In mice it has been found that not only local effects, but 
also systemic effects such as DNA-damage in lung and heart tissue may occur 
after dermal application of PAH containing coal tar. Several factors that may 
influence the dermal absorption of PAH have been reported in literature: physico-
chemical characteristics, composition of the contaminant, the number of hair 
follicles, and possibly dermal metabolism. From studies of the dermal absorption of 
pesticides (e.g. parathion and malathion) and hormones (e.g. hydrocortisone), it 
appears that the site of application/contamination may be an important factor for 
dermal exposure to chemicals. Scrotum and forehead skin were respectively 40 
and 5 times more permeable for hydrocortisone than skin of the fore arm. 
Interpretation and extrapolation of the results of previous dermal PAH absorption 
studies to estimate the dermal absorption in occupational^ exposed workers was 
not possible because of limited data, species differenes, methodological 
constraints, and varying dosing conditions. To be able to estimate the extent of 
dermal PAH absorption among workers we conducted dermal PAH absorption 
studies in human volunteers and the blood-perfused pig ear. 
Human volunteer studies 
In human volunteers the absorption flux of PAH after coaltar ointment application 
at six skin sites: shoulder, fore arm, forehead, groin, hand palm and ankle was 
studied (chapter 3.1). Coaltar oinment (10% coal tar in zinc oxide paste) was 
applied at a dose of 2.5 mg/cm2 on 24 cm2. 45 minutes after application the 
ointment was washed off with soap and water, after which the absorption of the 
residue was measured in time with a luminoscope (until 55 hours after 
application). This instrument enables the measurement of PAH on/in skin, due to 
the fact that PAH luminesce in UV-radiation of a given wavelength (so-called black 
light). Especially PAH with four or more benzenoid rings luminesce in the applied 
emission and excitation wavelengths. Assuming that the reduction of the 
luminescence signal is a measure for the absorbed amount of PAH, it was found 
that the dermal absorption process follows first order kinetics. The mean 
absorption rate constant (per hour) of PAH for the various skin sites ranged 
between 0.036/hour for skin of the ankle, to 0.135/hour for skin of the shoulder. 
The total average was 0.066/hour. An absorption rate constant of 0.0066/hour 
means that a fraction of ± 22% of the total daily (8-hour workshift) PAH 
contamination on skin will be absorbed into the body. This estimate is based on 
the assumption that the skin is contaminated with a constant flux Ц/g/cm2 per 
hour), and that the dermal PAH absorption process follows first order kinetidcs. A 
disadvantage of the luminoscope measurements is that not only pyrene, which is 
used as marker compound in field studies, but primarily PAH with four or more 
benzenoid rings are detected. To be able to detect variation in dermal absorption 
of pyrene between skin sites, we conducted comparable experiments but than 
with higher dosages of coaltar ointment (2.5 mg/cm2 on 400 cm 2 skin during 6 
hours; this is equivalent with 10 nmol pyrene/cm2). Instead of monitoring the 
surface disappearance of PAH into the skin, the 'appearance' of 1 -OH-pyrene, the 
main metabolite of pyrene, in urine was measured in time (until 72 hours after 
application). The results of these experiments also have shown that the variation 
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in dermal pyrene absorption between the the neck, ankle, fore arm, trunk and 
hand is limited. 
Blood-perfused pig ear 
In the blood-perfused pig ear we determined whether pyrene is a good marker 
compound for dermal PAH absorption after coal tar application (chapter 3.2). The 
blood-perfused pig ear model has the advantage that absorption of PAH can be 
measured directly in blood. This is not possible in human volunteers due to the 
relative low dose and consequently the low concentration of PAH in blood. In 
addition, pig ear skin is both morfologically and physiologically comparable with 
human skin. ± 12 mg coaltar/cm2 was applied on 24 cm2 of the blood-perfused 
pig ear. During a perfusiun period of 200 minutes, blood was collected in fractions 
for analysis of 10 PAH: fluorene, phenantrene, anthracene, fluoranthene, pyrene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(ah)-
anthracene and indeno(123cd)pyrene. The results of these experiments show that 
the percutaneous absorbed amount varies strongly between the PAH. PAH with a 
relative low molecular weight (such as fluorene, phenantrene, anthracene) 
penetrated the skin 2 to 12 times more than pyrene during the 200 min perfusion 
period. The penetrated amount of PAH with a higher molecular weight than pyrene 
was 7 (benzo(a)pyrene) to 100 times (indeno(123-cd)pyrene) lower in comparison 
with pyrene. 
Conclusion 
PAH may readily penetrate human skin. It is found that the variation in dermal 
PAH absorption between skin sites is limited. However, the absorbed amount 
through skin may vary strongly between PAH. When pyrene is used as marker 
compound, the dermal absorption of PAH with a lower molecular weight may be 
underestimated 2 to 12 times. For PAH with a higher molecular weight the 
absorbed amount will be overestimated up to 100 times. It is estimated that for 
PAH with four to five benzoid rings ± 22% of the total daily contamination on 
skin of workers will be absorbed. 
6.3 Dermal versus respiratory PAH exposure 
To determine the relevance of dermal exposure for the total body burden of 
workers, measurements of both the dermal and respiratory exposure of workers 
have to be conducted. A main problem with this type of measurements is that 
they are inaccurate, and that there is a strong inter-day, inter-individual and intra-
individual variation in exposure. This problem can be solved on the one hand by 
increasing the number and period of measurements, and on the other hand by 
measuring also the internal dose of workers during the period of measurement. 
Urinary 1-OH-pyrene excretion is used as biological marker of the internal PAH 
dose. These internal dose measurements can serve as a kind of control on the 
quality of the dermal and respiratory exposure estimates. If dermal exposure is 
indeed important for the total exposure, than workers with a high dermal exposure 
are expected to have also a high internal exposure, and thus a high urinary 1-OH-
pyrene excretion (in qualitative terms). The urinary 1-OH-pyrene measurements 
also allow, by means of a mass balance approach, to determine quantitatively 
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whether the estimated pyrene uptake through skin and through inhalation (the 
input) is in accordance with the excreted amount of 1-OH-pyrene (the output). For 
such a mass balance approach it is necessary to study the inter-individual 
variability of urinary 1-OH-pyrene excretion and to identify factors that may effect 
this variability. It is found that smoking and dietary significantly affect the base-
line urinary 1-OH-pyrene excretion (see chapter 2.1), and that especially smoking 
should be considered as a possibly confounding factor in the mass balance 
approach. 
Another, even more convincing method to determine the importance of dermal 
exposure for the total body burden is the so-called intervention study. We studied 
the effect of reduction of skin contamination on the urinary 1-OH-pyrene 
excretion. One might expect that when dermal exposure is indeed important, 
reduction of skin contamination will lead to a reduction of the urinary 1-OH-pyrene 
excretion 
Cross-sectional studies 
The estimated dermal and respiratory uptake of pyrene in workers of an 
aluminium, coke and woodpreserving plant is given in table 2. The calculations of 
the dermal pyrene uptake is based on the assumption that 22% of the total skin 
contamination is absorbed into the body during an 8-hour shift. The total skin 
contamination is calculated from the results of the exposure pad measurements, 
assuming that these measurements underestimate total skin contamination 9 
times (see table 1). The inhalatory uptake is calculated from: the pyrene 
concentration in breathing zone air, the respiration rate (if not measured 0.020 
m3/min), a work period of 480 minutes, and an absorption percentage of inhaled 
particulate pyrene of 37% and gaseous pyrene of 70% (see chapter 4.2). The 
results indicate that the average total pyrene uptake through skin is 860 //g/day in 
aluminium workers, 680 //g/day in creosote exposed workers (woodpreserving), 
and 135 //g/day in coke oven workers. The average pyrene uptake through 
inhalation was 83, 5 and 5 //g/day, respectively. It is estimated that more than 
90% of the total pyrene uptake enters the body through skin. 
In non-occupationally exposed volunteers we estimated that the daily pyrene 
intake in the Netherlands through food is on average 2.0 ¿/g/day and through 
smoking 3.2 //g/day, when smoking on average 12 cigarettes/day (chapter 2.1). 
Assuming that 40% of the total ingested amount of pyrene is absorbed in the 
gastro-intestinal tract and that 37% of the inhaled amount of pyrene through 
smoking is absorbed (both in the lungs and the gastro-intestinal tract), it is 
concluded that the pyrene uptake through food (0.8 //g/day) and through the 
smoking of cigarettes (1.2 //g/day, 12 cigarettes/day) is neglectible in comparison 
to the total pyrene dose among occupational^ exposed workers. 
The importance of the dermal exposure was confirmed by the internal dose 
measurements (urinary 1-OH-pyrene excretion). In aluminium workers we found a 
better correlation between the pyrene exposure pad contamination and urinary 1-
OH-pyrene concentration than between pyrene air concentration and urinary 1 -OH-
pyrene concentration (see chapter 4.1 ). The results from the studies in the coke· 
and wood impregnation plant were analyzed according the mass balance model. It 
was found that the variation in dermal pyrene uptake, had a more profound effect 
on the variation in 1 -OH-pyrene excretion than the respiratory uptake. 
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Table 2. Estimate of the daily pyrene uptake through skin and inhalation in 
workers from three work environments'. 
work environment 
aluminium plant 
coke plant 
woodpreierving plant 
number 
of worker* 
20 
12 
10 
number 
of day* 
6 
6 
1 
dally pyrene ι 
through akin 
860 (176-37001 
135 ( 4 2 - 3 3 0 ) 
680 (88 - 30001 
uptake (до/day) 
through Inhalation 
83 (0.8-25001 
6 (0.5 · 37) 
5 (1.5-6.8) 
median value (range) 
Intervention studies 
The effect of reduction of skin contamination on the internal PAH dose (urinary 1 -
OH-pyrene excretion), was studied among creosote workers (chapter 5.1) and 
coke oven workers (chapter 5.2). Creosote workers were asked to wear a 
protective coverall underneath the normal working clothes. Although the coverall 
reduced the pyrene contamination on skin by only 35%, the average excreted 
amount of urinary 1-OH-pyrene decreased from 6.6 to 3.2 μg in a period of 22 
hours. Among coke oven workers it was found that the increase of the urinary 1 -
OH-pyrene concentration during the work week was on average 37% lower due to 
simple hygienic skin protective measures, such as laundered working clothes and 
a new pair of gloves before each 8-hour workshift, and the washing of both the 
hands and face before each break. 
Conclusion 
It is found that on average more than 90% of the total pyrene uptake in workers 
enters the body through skin. The estimated pyrene uptake through skin of 
workers from a aluminium plant, a creosote woodpreserving plant and a coke 
plant was on average 940, 685 and 140//g/day. The respiratory pyrene uptake 
was 83, 5, and 5 //g/day, respectively. The daily pyrene uptake through food (0.8 
//g/day) and smoking of cigarettes (1.2 /sg/day, 12 cigarettes/day) seems 
neglectible in comparison to the total pyrene uptake in occupationally exposed 
workers. That the skin is the main route of pyrene uptake in the workers has been 
confirmed in intervention studies. Reduction of the skin contamination resulted in 
a strong decrease of the internal dose in both coke oven and creosote workers. It 
seems likely that the skin of occupationally exposed workers is also the main port 
of body enterance for other PAH with four or five benzenoid rings, such as 
benzo(a)pyrene. 
6.4 Recommendations 
Skin protective measures 
The prevention of skin exposure and percutaneous PAH absorption can be 
accomplished by several means that are routinely used in occupational health. 
Important factors are the design of the work process, normal work practices, 
general hygiene and safety, education and surveillance. If efficient avoidance of 
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contact cannot be achieved, skin protective measures should be considered. 
Some simple hygienic measures are evaluated in this research project. It was 
found that the use of laundered working clothes and a clean pair of gloves before 
each 8-hour workshift, and the washing of both hands and face before each break 
resulted in a strong decrease of the internal body burden. It is noted that 
excessive cleansing efforts to remove PAH on skin may be counterproductive, if 
they result in damage to the skin barrier. The dry-cleaning of contaminated 
working clothes is prefered above household laundering. Household laundering 
(60°C) of coaltar contaminated working clothes (100% cotton, 25 mg on 10 * 10 
cm2) removed only 60 to 70% of the PAH. Dry-cleaning removed 99 9-100% 
(unpublished results). It is stressed that the improvement of skin protective 
measures alone will never lead to a total reduction of skin contamination. Source 
emission reduction should be accomplished whenever possible. 
Skin denotation for PAH 
In many countries, compounds considered a skin hazard are identified by a skin 
denotation on the official lists of exposure limits. In general this practice has the 
purpose of alerting attention to the fact that cutaneous exposure to these 
compounds can significantly add to the systemic exposure when airborne 
concentrations are kept within the exposure limit. In none of these countries the 
occupational exposure hmts for PAH (air concentration of coaitar pitch volatiles or 
benzo(a)pyrene) have a skin denotation Based on the results of this research 
project, such a skin denotation is strongly recommended. 
In general, it appears that the concept of skin denotation needs a thorough 
reconsideration. The criteria for a skin denotation are unclear. Most frequently, the 
dermal LD^, (< 2 g/kg) is used. However, in some countries also the risk of 
caustic effects on the skin, irritation or allergy is used as a criterion for the skin 
denotation (Grandjean 1990) Whether or not to list a compound as a skin hazard 
is likely to be influenced by a number of factors, such as the existence of skin 
exposure potential in each country, significance of other regulations regarding 
protection of the skin etc. This resulted in a strong variation in the number of 
chemicals with a skin denotation in official lists of occupational exposure limits 
varies strongly between countries. For example, in Hungary only 24 chemicals or 
group of chemicals are considered a skin hazard, in Switzerland 180. 
Fiserova-Bergerova and Pierce (1989, 1990) suggested a toxicokmetic approach 
based on the percutaneous absorption flux as a more uniform method of assigning 
skin denotations to chemicals They proposed to calculate percutaneous 
absorption from an exposure of 2% of the body surface, which is equivalent with 
the area of the hands (360 cm2), to the liquid substance and to compare this 
amount to the absorption from inhalation of the compound at the treshold limit 
value (TLV) level. A dermal absorption that corresponded to more than 30% of the 
pulmonary absorption was considered a criterion for a skin denotation. It is 
obvious from chapter 4 and 5 of this thesis that this criterium is exceeded for 
occupational PAH exposure. 
For airborne contaminants I would recommend an approach in which the dermally 
absorbed amount is estimated from the volume of air swept by exposed skin 
period during a 8-hour workshift. Jackson (1991) estimated this volume to be: 
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0.28 m2 * 10000 m/worksh¡ft 
(1) = 990 m3/workshift 
2 ·νΓ2) 
assuming that 15% of the body area is exposed to ambient air (equivalent with 
the uncovered body surface = 0.28 m2), that the average airflow rate past a body 
of a worker due to natural air movement and by walking and movement is 20 
m/minute (± 10,000 m/workshift), and that on average only half of the exposed 
skin surface will be incident to air flow, and since the mean angle of incidence 
may be estimated at 45°. 
If the same criterion for a skin denotation is considered as in the approach of 
Fiserova-Bergerova and Pierce (the dermally absorbed amount is more than 3 0 % 
of the absorbed amount through inhalation at TLV level), the following equation 
can be applied: A skin denotation should be assigned to a gaseous or airborne 
chemical if: 
990 m3/workshift * TLV * deposited fraction.^ · absorbed fraction.^ 
(2) > 
0.3 * TLV * 10 m3/workshift * deposited fract ion^^ * absorbed fraction^,,,,. 
which is equivalent with: 
330 * deposited fraction.^, · absorbed fraction.^ 
(3) > 
deposited fraction,,^ * absorbed fraction^,,,. 
The deposited fraction,,«, can be estimated from simultaneous air concentration 
and skin contamination measurements, with the following formula: 
ekin contamination on 1 cm2 skin after 8-hour workshift (pg/cm*) 
(4) deposited fraction,,,», = 
0.35 Im'/cm'l * air concentration lwg/m3) 
N.B. the volume of air that is swept by 1 em1 of skin is ± 0.35 m3 during a workshift of 8-hours 
(calculated with formula (1)). 
The absorbed fraction^, during an 8-hour workshift can be calculated from the 
dermal absorption rate constant of the contaminant with the formulas on page 
125 and 126 of this thesis. 
Under the assumption that for particle bound chemicals the deposited f r a c t i o n ^ 
* absorbed f r a c t i o n ^ . = ± 0.37 (see also page 129 of this thesis), airborne 
particulates should be assigned with a skin denotation when the deposited 
fraction,^ * absorbed fraction,^ & 0.0012. Gaseous chemicals should be 
assigned with a skin denotation when the deposited fraction,^ · absorbed 
f r a c t i o n ^ & 0.0022, assuming that 70% of inhaled gaseous compounds are 
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deposited and absorbed in the lungs. 
Gaseous and airborne chemicals will tend to deposit on the skin. The combination 
of a sparse hair covering moistened with water and the lipophylic sebum appears 
to be a good environment for trapping and dissolving gaseous chemicals or 
particles that do impinge. For example, the efficiency of the dermal deposition and 
absorption mechanisms for particulate pyrene is ± 3.4% (deposited fraction^ * 
absorbed fraction,*,, · 100% = 0.15 * 0.22 * 100%; calculation is based on a 
skin contamination of 58 ng pyrene/cm2, an air concentration of 1.1 /sg pyrene/m3 
and a absorbed fraction^ of 0.22, as measured among coke oven workers, see 
chapter 4.2). 
It is noted that this recommended approach for assigning a skin denotation to 
gaseous and airborne chemicals needs further development and thorough 
validation. For example, the approach does not account for the fact that 
contaminated working clothes may be an important source of dermal exposure. 
However, this approach indicates that it is very likely that for many airborne 
chemicals the skin is a main port of body enterance. 
Biological monitoring 
Due to the fact that the skin is a main route of PAH uptake and that the 
correlation between the PAH concentration in air and dermal skin contamination is 
low, it is strongly recommended to apply biological monitoring methods in PAH 
exposure assessment among occupational^ exposed workers. The 1-OH-pyreen 
concentration in urine appears to be a useful biological marker. Jongeneelen 
(1992) suggested a biological exposure limit value for occupational exposure to 
coal tar pitch volatiles at cokeovens of 2.3 ¿/mol 1-OH-pyrene/mol creatinine 
(95%CI: 1.1-5.7 //mol/mol creatinine). Tjoe Ny et al. (1993) suggested a 
biological exposure limit value of 4.3 μιτηοΙ 1-OH-pyrene/mol creatinine (95%CI: 
2.6-6.9 /;mol/mol creatinine) for the PAH exposed workers in the aluminium 
industry. 
Further research in this field is needed. Not only because the broad confidence 
interval of the proposed exposure limits, but also because these limits are probably 
not applyable in work environments with a different composition of the PAH 
mixture, e.g. in a creosote woodpreserving plant. 
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Samenvatting voor niet ingewijden 
Polycyclische aromatische koolwaterstoffen (PAK) vormen een groep van 
verbindingen die ontstaan als gevolg van onvolledige verbranding van organisch 
materiaal PAK komen wijd verspreid in het milieu voor. Een aantal PAK is 
kankerverwekkend in proefdieren. Bovendien is vastgesteld dat bepaalde vormen 
van kanker vaker voorkomen onder mensen, die beroepsmatig werden blootgesteld 
aan PAK bevattende teerdampen, dan onder de gehele bevolking. PAK zijn in staat 
kanker te veroorzaken doordat ze in het lichaam omgezet worden tot een zeer 
reactief product dat het erfelijk materiaal in de cellen (DNA) kan beschadigen. 
Omdat PAK overal in het milieu voorkomen komt in feite iedereen dagelijks in 
aanraking met deze stoffen. Bijvoorbeeld door het inademen van verontreinigde 
lucht, het eten van verontreinigde en gerookte voedingsmiddelen en het roken van 
tabak. Relatief hoge blootstelling vindt plaats bij werknemers in bepaalde 
industrieën, zoals in de aluminium-, cokes- en staalindustrie. Ook tijdens het 
creosoteren van hout, het asfalteren van wegen en bij het teren van daken kan de 
blootstelling aan PAK aanzienlijk zijn 
Gezien de kankerverwekkende eigenschappen van PAK is het van groot belang om 
de blootstelling van deze werknemers zoveel mogelijk te beperken. Om dit te 
bereiken worden vooral maatregelen getroffen om de verontreiniging in de 
inademingslucht zoveel mogelijk te reduceren. Om het gezondheidsrisico voor deze 
werknemers tot een aanvaard nivo te beperken heeft de overheid een grenswaarde 
vastgesteld voor de concentratie van PAK-houdende dampen in de 
omgevingslucht 
Hoewel uit onderzoek met proefdieren en vrijwilligers bekend is dat PAK ook via 
de huid het lichaam kunnen binnen dringen is er vanuit de arbeidshygiene weinig 
of geen aandacht besteed aan de opname van PAK door de huid In dit proefschrift 
wordt een aantal studies beschreven die zijn uitgevoerd om het belang van 
dermale blootstelling bij hoogblootgestelde werknemers vast te stellen 
Hoewel een PAK-mengsel soms wel honderden PAK bevat is in deze studies 
slechts één PAK uitgekozen als gidsstof: pyreen (zie figuur 1 op pagina 12). De 
belangrijkste reden hiervoor is dat er voor deze stof een gevoelige meetmethode 
beschikbaar is om de totale in het lichaam opgenomen hoeveelheid te kunnen 
bepalen Dit gebeurt aan de hand van een omzettingsproduct van deze stof (1-OH-
pyreen) dat uitgescheiden wordt in de urine. Hierdoor wordt het mogelijk om 
zowel huidbesmettingsmetmgen als luchtconcentratiemetingen in verband te 
brengen met de hoeveelheid die daadwerkelijk in het lichaam wordt opgenomen. 
Als de dermale opname van PAK inderdaad een belangrijke bijdrage levert aan de 
totale opgenomen hoeveelheid, dan mag bij werknemers met een hoge 
huidopname een relatief hoge 1-OH-pyreen concentratie in de urine worden 
verwacht 
Met behulp van zogenaamde huidpads is bij werknemers van een aluminium 
fabriek, een cokesfabnek en een creosoteerbednjf (waar hout wordt 
geïmpregneerd met PAK-houdende creosootolie) de dagelijkse huidbesmetting 
bepaald Een huidpad is een soort pleister met daarin een opening (doorsnede 18 
mm) die het feitelijk monsteroppervlak vormt (zie hoofdstuk 2.2). De geschatte 
hoeveelheid pyreen op de huid van deze werknemers bedroeg respectievelijk 3.9, 
3 .1 , en 0.6 mg/dag 
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Om een schatting te kunnen maken van de hoeveelheid die daadwerkelijk in de 
huid wordt opgenomen zijn in het laboratorium studies uitgevoerd naar de dermale 
absorptie van PAK. Uit experimenten met vrijwilligers bleek dat de opname van 
PAK nauwelijks afhankelijk is van de plaats waar de besmetting (PAK-houdende 
koolteerzalf) wordt aangebracht. Deze experimenten resulteerden in een schatting 
van een snelheidsconstante voor de dermale absorptie van PAK. Op basis van 
deze snelheidsconstante is berekend dat ± 22% van de dagelijkse besmetting op 
de huid van werknemers wordt opgenomen in het lichaam (hoofdstuk 4.2). Tevens 
zijn in het laboratorium experimenten uitgevoerd met geperfundeerde varkensoren 
om te bestuderen of pyreen een goede gidsstof is voor de dermale opname van 
andere PAK Het geperfundeerde varkensoormodel is toegepast omdat met dit 
model de opname van PAK door de huid (na koolteer applicatie) direct in bloed kan 
worden gemeten. Dit is bij de mens door de relatief lage doseringen niet mogelijk. 
Bovendien lijkt varkenshuid sterk op mensenhuid. Uit de 'varkensoor-
experimenten' bleek dat als pyreen wordt gebruikt als gidsstof de opname van 
PAK met een lager molecuulgewicht wordt onderschat (2 tot 12 maal). De 
dermale opname van PAK met een hoger molecuulgewicht wordt tot 100 maal 
overschat. 
Een absorptiepercentage van 22% betekent dat bij werknemers van de aluminium 
fabriek, het creosoteerbedrijf en de cokesfabnek respectievelijk 860, 680 en 135 
¿/g pyreen per dag door de huid wordt opgenomen De gemiddelde opname van 
pyreen door inademing van verontreinigde lucht is aanzienlijk lager, respectievelijk 
83, 5 en 5 ¿/g/dag. Deze respiratoire opname is berekend aan de hand van de 
pyreenconcentratie m de ademzônelucht van de werknemers Deze 
luchtconcentratie is gemeten met behulp van draagbare persoonsgebonden 
luchtbemonstenngsapparatuur. BIJ vergelijking van de dermale en respiratoire 
pyreenopname blijkt dat meer dan 90% van de totaal opgenomen hoeveelheid 
pyreen via de huid het lichaam binnenkomt 
Omdat schattingen van zowel de dermale als mhalatoire opname complex en vaak 
onnauwkeurig zijn, zijn bij de werknemers ook urinemonsters verzameld ter 
bepaling van de 1-OH-pyreen concentratie. Deze unnemetingen, die inzicht geven 
in de totale opgenomen hoeveelheid pyreen, bevestigden het belang van de 
dermale opname-route De hoogte van de 1-OH-pyreen concentratie in de urine 
van de werknemers werd namelijk meer bepaald door de dermaal opgenomen 
hoeveelheid pyreen dan door de hoeveelheid pyreen die werd opgenomen door 
inademing 
In een twee-tal vervolgstudies bij werknemers van de cokesfabnek en het 
creosoteerbedrijf werd het belang van de dermale opname nog eens overduidelijk 
aangetoond (hoofdstuk 5) Het bleek dat een reductie van de huidbesmetting door 
extra huidbeschermende maatregelen de 1-OH-pyreen uitscheiding in de urine 
aanzienlijk verlaagde Het is zeer waarschijnlijk dat ook voor andere PAK (met vier 
of vijf benzeennngen, zoals de bekende kankerverwekkende stof benzo(a)pyreen) 
geldt dat het merendeel van de lichaamsdosis van werknemers via de huid wordt 
opgenomen. In hoofdstuk 6 worden enkele aanbevelingen gedaan ter verlaging van 
de huidbesmetting van PAK bij werknemers. Tevens wordt voorgesteld om de 
grenswaarde voor de luchtconcentratie van PAK op de werkplek te voorzien van 
een zogenaamde H-indicatie Een dergelijke indicatie geeft aan dat opname van 
stoffen via de huid een belangrijke bijdrage levert aan de totale blootstelling. 
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